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Abstract

Hybrid xerogels, constructed from organic and inorganic silanes, have emerged as materials with versatile applica-
tions. They have shown promising potential for immobilization as their chemical structures encompass the mechani-
cal, thermal, and structural stability of inorganic compounds in synergy with the functionality and flexibility of organic
compounds. Incorporating a magnetic core and preparation at the nanoscale multiply their attraction for enzyme
immobilization. To evaluate how efficiently this technology works for the immobilization of a plant peroxidase,

a novel peroxidase (POX,,) from a famous medicinal herb, Origanum vulgare, was immobilized on magnetic nano-
particles of a hybrid xerogel obtained from tetraethyl orthosilicate and (3-aminopropyl)triethoxysilane. Immobiliza-
tion boosted the physicochemical properties of the enzyme so that the immobilized POX, (LPOX_,) could tolerate
lower pHs and higher temperatures. It oxidized all types of the examined phenolic, catecholic, guaiacolic, and aniline
diazo dyes, while the free POX,, (FPOX,,) failed to oxidize the last group. These improvements also made [.POX,,,
capable of oxidizing the recalcitrant azo dyes carrying electron-withdrawing groups much faster than FPOX,,.. POX,,
was employed in 7 successive cycles of oxidation of both phenolic and guaiacolic dyes with an average efficiency

of 69%. The efficacy of the immobilization method and |.POXov competency for the enzymatic remediation of pol-
luted water resources have been quantitatively demonstrated.
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1 Introduction

Oxidoreductases are effective enzymes for the biotrans-
formation, oxidation, and decomposition of aromatic
compounds [1]. In a comparative study, it was shown that
peroxidase (POX) had a superior ability for the removal
of diazo dyes as compared with tyrosinase (EC 1.14.18.1)
and laccase (EC 1.10.3.2) [2]. POXs with versatile physic-
ochemical qualities, broad spectra of substrates, and high
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operational stability can be extracted from safe sources
such as edible plants [3]. Consequently, immobilization
of such enzymes is a hot topic of environmental science
and engineering.

Immobilization allows easy separation of the enzyme
from the reaction medium and permits several suc-
cessive uses of the immobilized enzyme. It might also
improve the physicochemical properties of the immobi-
lized enzyme [4]. No doubt that enzyme immobilization
needs a suitable carrier. Due to the large ratio of sur-
face to volume, possible surface modifications, and easy
preparations, iron oxide nanoparticles have emerged as
the cornerstone for developing various magnetic carri-
ers for molecules such as enzymes [5]. Considering the
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advantages of the sol-gel process, magnetized xerogels
with modified surfaces have come to attention as non-
toxic matrices for immobilization purposes. Nonethe-
less, the challenges of POX immobilization on this type
of support have received little attention while there is a
growing demand for the applications of immobilized
POXs in the combats against organic pollutants, espe-
cially diazo dyes.

Diazo dyes form a large group of synthetic organic
dyes, embracing 50% of the total dyes produced world-
wide [6]. Many of these dyes are discharged daily into the
effluents of different industries threatening surface and
groundwater sources [7, 8]. In addition to their adverse
impact on the chemical oxygen demand to biological
oxygen demand ratio of water, it is known that they are
potentially carcinogenic and mutagenic [6]. Therefore,
the treatment of the wastewater of dyes manufacturers
and consuming units and the removal of these dyes from
aqueous mediums have been the focus of environmental
research in the past four decades [7].

Several physical, chemical, and physicochemical meth-
ods, such as membrane filtration, nanofiltration, reverse
osmosis, precipitation, flotation, ion exchange, activated
sludge, photolysis, electrolysis, and various advanced
oxidation processes have been studied for the decon-
tamination of polluted waters. The advantages and dis-
advantages of these methods have been comprehensively
reviewed [7, 8]. These studies indicate problems such as
the formation of large volumes of sludge, high-energy
consumption, and high expenses of the processes have
led researchers to pay attention to biotechnology-based
methods. As a result, enzymatic remediation of the con-
taminated water resources, alone and in combination
with other methods, has received particular attention.
Enzymatic-based methods are eco-friendly and are run
under milder conditions that reduce costs and decrease
sludge production with no or less toxic byproduct forma-
tion [9, 10]. In pursuit of this trend, a novel POX from the
cell culture of Origanum vulgare (POX,,) [11] was immo-
bilized on a biocompatible magnetized hybrid xero-
gel (MHyX). Then, a comparative study was conducted
to examine decomposition of different diazo dyes in an
aqueous medium by the free (FPOX,) and immobilized
O. vulgare POX (I.POX,,). The details of the experiments
and the results are presented and discussed in terms of
feasibility and efficacy.

2 Materials and methods

2.1 Materials and instruments

All the required chemicals and solvents were taken from
the authentic samples. Diazo compounds (Fig. 1) were
synthesized and purified according to the literature [12].
The stock solution concentration of each dye was 1 mg
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Fig. 1 Chemical structure of the examined diazo dyes used in this

study

per 2 mL of methanol. POX, was prepared as described
in the literature [11]. GASA (E)-4-[(4-hydroxy-3-meth-
oxyphenyl)diazenyl]benzenesulfonic acid (III;, Fig. 1)
with an extinction coefficient of (g5,;=15,330 cm™ M~
extracted from Fig. Sla in the Supplementary Materi-
als) was used as the organic substrate in routine enzyme
assays [13]. The bovine serum albumin (BSA) standard
curve was obtained to measure the desired solutions’
protein content (Fig. S1b). Spectrophotometric studies
were conducted using a UV-Vis Specord 50+ spectro-
photometer (Analytik Jena-Germany). Fourier-transform
infrared spectroscopy (FTIR) spectra were recorded by
a Bruker Tensor 27 FT-IR spectrophotometer using the
conventional KBr disks of the samples. Scanning Elec-
tron Microscopy (SEM) images were obtained by VEGA3
TESCAN and MIRA3 TESCAN.

2.2 Synthesis of iron oxide nanoparticles

Several methods have been introduced for the bare
and coated magnetic nanoparticles (MNP) prepara-
tion that result in particles of different sizes, crystallin-
ity, and magnetic properties [14, 15]. In this work, with
some modifications, an established method known as
co-precipitation was employed under hydrothermal
conditions to obtain MNP. Choosing the stoichiomet-
ric ratio in Fe;O, synthesis from Fe(OH), and FeOOH
for the precursors (Fe''/Fe'! = 0.5) and applying a mild
heating, a one-pot reaction was run in the absence of
any oxidant and co-solvent to produce MNP with aver-
age sizes between 2 and 40 nm [15] and the characteris-
tic black color of magnetite (Fig. 2a). Thus, FeCl,.4H,O
(2 g) and FeCl;.6H,0 (5.4 g) were mixed at a molar ratio
of 1:2 in double distilled water (100 mL). The mixture was
degassed by N,. Then, ammonia (25%, 25 mL) was added
dropwise to the mixture on a stirrer for 30 min under
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Fig. 2 a Reaction of the prepared MHyX to a magnetic bar. b The SEM of the prepared MHyX. ¢ Overlaid FTIR spectra of (1) MHyX and (2) MHyX-CyC

the N, atmosphere. Finally, it was heated in a bain marie
(80 °C) for 30 min [16]. The resulting nanoparticles were
separated from the mixture by a magnet, washed three
times with deionized water, and dried at ambient tem-
perature. It was shown that shortenting the heating time
decreases the particle average sizes <20 nm [16].

2.3 Magnetic hybrid xerogel (MHyX) preparation

MNP was coated by the hybrid xerogel of tetraethyl
orthosilicate (TEOS) and (3-aminopropyl)triethoxysi-
lane (APTES). Xerogels are prepared through a facile,
cost-effective, and relatively fast process that is imple-
mented under ambient conditions [17]. Although the
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classical preparation of xerogels from tetra-alkoxysilanes
results in mesoporous brittle materials with hydrophilic
surfaces [18], the process can be readily modified to pro-
duce more robust nanoparticles with the desired phys-
icochemical properties [17, 19]. Adding an ormosil such
as APTES to TEOS creates a hybrid xerogel with modi-
fied hydrophobicity and improved mechanical strength
[17]. APTES also provides the final product with amino
nucleophilic groups [20]. Finally, seeding the sol-gel for-
mation with iron oxide nanoparticles results in magnet-
ized nano-hybrid-xerogel (MHyX) particles that can be
easily separated from the reaction medium by a magnet
bar (Fig. 2a).

MHyX was prepared by hydrolysis of a mixture of
TEOS and APTES (4:1 molar ratio) by the sol-gel method
in the presence of iron oxide nanoparticles. Therefore,
Fe;O, nanoparticles (400 mg) in ethanol (96%, 100 mL)
were sonicated for 10 min for the nanoparticle disper-
sion. Then, TEOS (1374 pL) and APTES (274 pL) were
first mixed then added to the sonicated Fe;O, solution
while double distilled water (20 mL) was added to the
mixture. The resulting mixture was sonicated for another
30 min. Next, when the sonicator was still on, ammo-
nia (25%, 50 pL) was added to the mixture, and sonica-
tion continued for 5 min. The resulting suspension was
shaken (80 rpm) for 3 h at room temperature before cen-
trifugation (10 min, 4 °C, 8000 rpm). Collected particles
were dried at ambient temperature overnight. To obtain
MHyX with uniform sizes, the particles were passed
through a sieve (0.037 mm, 400 mesh).

2.4 Immobilization of POX,, onto MHyX
The cross-linker, cyanuric chloride (CyC, 125.5 mg), was
dissolved in acetone (40 mL) containing MHyX particles
(313 mg). The mixture was gently shaken for 2 h at 4 °C.
Finally, the particles were washed three times with ace-
tone and three times with double distilled water. To react
all the free amino groups on the MHyX surface with the
cross-linker, 2 mg of CyC per 5 mg of MHyX was applied.
To immobilize the enzyme, the particles of the previ-
ous step (300 mg) were added to 2 mL of the POX,, solu-
tion (0.13 mg mL™). The mixture was shaken (80 rpm)
at ambient temperature for 8 h. Finally, a magnet sepa-
rated the particles from the mixture and washed them
three times with deionized water. The residue was dried
at room temperature for 1-2 d, then stored in an amber
glass at 4 °C.

2.5 Kinetics of free and immobilized POX, activities

The catalytic activities of FPOX,, and LPOX,, were
assayed spectrophotometrically through the decrease
in the optical density of GASA at 375 nm [13]. All the
enzymatic reactions were carried out at 20+2 °C in a
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conventional quartz cell containing 3 mL of the reac-
tion mixture. Each reaction mixture had GASA (65 uM),
H,0, (7 mM), and an appropriate amount of EPOX,, (2
uL per mL of the reaction mixture) or LPOX,, (30 mg per
mL of the reaction mixture). The enzymatic reactions of
EPOX,, and I.POX_, were carried out in phosphate-buft-
ered saline (PBS, 100 mM) at pH 6 and 5, respectively. At
the end of LPOX,, reactions, the particles were separated
from the reaction mixture by a magnet, and the solution
was passed through a cotton swab to remove any sus-
pended particles. All the experiments were performed
in three replications. Statistical analysis was performed
using the Microsoft Excel software. The FPOX_, reac-
tions were followed for 10 min but the .POX_, reactions
were measured at 3, 6, and 12 min intervals.

2.6 Removal of diazo dyes at the optimal pH

and temperature of F.POX,, and I.POX,,
The optimal pH and temperature of EPOX_, and L.POX,
activities were studied in the ranges of 3-8 and 20-80 °C,
respectively, using the mentioned assay method. Then,
the reactions of EPOX_, with various azo derivatives of
phenol, catechol, guaiacol, and aniline (Fig. 1) were inves-
tigated spectrophotometrically at pH 6 and 20+2 °C [2].
Finally, the efficacy of I.POX,, and EPOX, for remov-
ing the selected azo dyes from the aqueous solution
was examined in PBS (0.05 M) at the optimal pHs and
20+2 °C. The oxidation rates were calculated from the
decrease of the optical density of each dye at its A, per
minute.

max

3 Results and discussion

3.1 Immobilization matrix

SEM image of the MHyX shows that the nanoparticles
formed and agglomerated almost uniformed spheri-
cal-shape particles with an average diameter of 88 nm
(Fig. 2b). It was shown that there was an inverse rela-
tionship between the size of the matrix particles and the
enzyme uptake. But, particles smaller than 75 nm were
prone to aggregation [21]. On the other hand, the larger
particles tended to increase the interactions between the
surfaces (the particle with the protein), extending the
adsorption that could cause the unfolding of the protein
skeleton [22]. The optimal size for immobilizing tyrosi-
nase on nanoparticles was 75 to 150 nm [21].

The FTIR spectrum of the MHyX (Fig. 2c) exhibits the
characteristic broad band of xerogels at 1051 cm™! attrib-
uted to the stretching of Si-O-Si bonds [23]. It also shows
a shoulder at 944 cm™, and a strong band at 590 cm™*
pertains to the stretching and rocking vibrations of the
Si-OH bond, respectively. The weak band at 3443 cm™
with a broad shoulder at smaller wave numbers (about
3300 cm ™) are due to the stretching vibration of O-H
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and N-H bonds indicating the presence of some free
hydroxyl and amino groups on the surface of the MHyX.
The band at 2926 cm™ confirms the presence of the pro-
pyl C-H bonds. The weak transmittance band at 1548
also indicates the presence of the amino group [23].

3.2 Immobilization of POX,, on MHyX

3.2.1 Activated MHyX

The efficacy of immobilization partly depends on the
quality of the cross-linker that is responsible for attach-
ing the macromolecule to the surface of the matrix.
Glutaraldehyde is widely used for this purpose but, in
addition to intermolecular cross-linking, it can partici-
pate in intramolecular reactions such as the ring closure
reaction with nucleophilic residues on the surface of the
matrix that originates from the high degree of freedom of
its C5-chain. Furthermore, the reactivity of the aldehyde
functional group facilitates the glutaraldehyde participa-
tion in polymerization through condensation reactions
[24]. In contrast, the planar structure of CyC has a lim-
ited degree of freedom [25], and the displacement of the
chloride groups can be controlled effectively by control-
ling the temperature of the coupling reaction [26]. It
was demonstrated that CyC preferentially reacted with
the amino group when both amino and hydroxyl groups
were present [27]. Therefore, to activate MHyX, CyC
was used as the cross-linker. By keeping the temperature
below 4 °C, it was possible to successfully substitute one
of the CyC chlorides in the reaction with MHyX in 2 h.
Although the transmittance bands of MHyX cover the
characteristic vibrational bands of the triazine ring of
CyC (1449.2, 1562.5 cm™! in-plane, and 816.3 cm™ out-
of-plane ring vibrations [28]), the presence of CyC on the
MHyX is recognized from Fig. 2c, where the shoulder
of the broadband at 3300 cm ™! along with the bending
vibration of N-H about 1540 cm™ has been weakened,
while the band close to 1630 cm™' has been boosted
because of the presence of C=N.

3.2.2 POX,, immobilization

After binding CyC to the surface of matrix, the substi-
tuted amino group deactivates the remaining two chlo-
rides of CyC toward nucleophilic substitution so that
the subsequent substitutions occur at higher tempera-
tures [29]. Consequently, to immobilize POX,,, the cou-
pling reaction of the enzyme with the MHyX-CyC was
run at room temperature [29]. Using CyC as the cross-
linker, Banjanac et al. successfully immobilized lipase
on a modified fumed nano-silica surface at room tem-
perature [30]. The coupling reaction of our research was
examined in deionized water, double-distilled water, and
PBS (pH 7). The results favored deionized water (pH 4.5)
(Fig. S2a). This condition was close to that used for the
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co-immobilization of horseradish peroxidase (HRP) and
tyrosinase on a hybrid xerogel matrix [31]. It is clear that
the free amino residues of a protein are not protonated
at pH >4, so they can take part in coupling reaction with
CyC, but at pH > 7, the rate of the hydrolysis of CyC chlo-
rides increases. Banjanac et al. carried out the coupling
reaction of lipase at pH 7 without presenting any optimi-
zation data [30]. The examinations also proved that the
coupling reaction could reach completion in 8 h. LPOX,,,
obtained from the 8 h coupling reaction, almost flattened
the substrate peak after elapsing the assay time (Fig. S2b)
indicating about 90% removal efficiency (Fig. S2c).

The FTIR spectra of an immobilized protein on a sur-
face exhibit 3 bands associated with the amide I (C=0
stretching mode), amide II (NH deformation), and amide
III (C-N stretching and NH bending motions) vibrational
modes. However, the band of amide I (around 1630 cm™!)
is usually taken into account as a diagnostic one, and the
other two (between 1510 and 1560 and 1200-1300 cm ™,
respectively) are poorly diagnostic due to the overlap-
ping with strong C=N, C-O, and C-N stretching bands
[32]. Both bands, above 1500 and 1600 cm™!, have
been boosted in the FTIR spectrum of LPOX,, (Fig. 3a)
assumingly due to the presence of CyC and the attached
enzyme while the stretching band of N-H (above
3300 cm™!) has faded. Finally, the SEM image (Fig. 3b)
confirms the effective binding of POX, to MHyX-CyC.

3.3 Operating parameters of .POX,,

Figure 4a reveals that immobilization of POX,, on
the MHyX shifted the optimal activity of the enzyme
toward lower pH(s). In contrast to EPOX_,, which suf-
fered a colossal activity loss at pHs <4, LPOX, tolerated
the harsh conditions of the acidic medium as low as pH
3 while maintained >65% of its activity in the pH range
of 6 to 7. This advantage allows enzymatic treatment
of the acidic wastewater, where the low pH stress ham-
pers microbial bioremediation [33]. Immobilization also
increased the optimal temperature of activity of POX,,
from 30 to 40 °C (Fig. 4b). This indicates higher structural
stability of LPOX,, over EPOX_,. Many plant POXs show
a sharp decrease in activity because of either pH or tem-
perature changes. There are 4 disulfide bonds, two Ca**
ions, and one ionic bridge that play critical roles in sta-
bilizing the structures of plant POXs [34]. Consequently,
there are thresholds for the disulfide bonds to cleave,
Ca®* ions to jump out, and the bridge salt to breakdown.
When the temperature rises to the threshold, the 3D
structure collapses.

The powder of L.POX,, could maintain>55% of its
activity after 3 months of storage at 4 °C under the nor-
mal atmosphere (Fig. 4c). Functional stability examina-
tion showed that I.POX,, could maintain about 18% of
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its initial activity after 7 successive cycles of reactions
with an average efficiency of 69% (Fig. 4d). These results
indicate favorable interactions between the magnetized
matrix and the structural elements of the enzyme that
support the functional stability of LPOX,,.

Using glutaraldehyde as a cross-linker, immobilization
of a peroxidase obtained from the skin peels of Mexi-
can turnip (Jicama) on the nanocomposite of carbon

|

200 nm

MIRA3 TESCAN|
SEM HV: 15.0 KV WD: 9.83 mm

Det: SE

MIRA3 TESCAN|

SEM MAG: 150 kx

RMRC FESEM

nanotubes/polyvinyl alcohol did not change the opti-
mal pH and temperature of the immobilized enzyme
but it increased the tolerance of the enzyme against
the changes in temperature and pH. The immobi-
lized peroxidase could also maintain 81% of its initial
activity after 5 weeks of storage at 4 °C [35]. Covalent
immobilization of HRP on polyacrylamide cryogel,
functionalized by 1-Ethyl-3-(3-dimethylaminopropyl)
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carbodiimide/N-hydroxysuccinimide, resulted in no
changes in the optimal temperature of the enzyme.
At the same time, it caused a little alkaline shift in the
optimal pH of activity, and the immobilized peroxi-
dase could maintain 68% of its initial activity after ten
cycles of guaiacol oxidation [36]. It is worth mention-
ing that, in contrast to this article, the total time of each
cycle was not mentioned in the assay methods, and the
immobilized peroxidases were assayed in the presence
of only one type of substrate [35, 36].

3.4 Substrate spectrum of .POX,,

EPOX,, could oxidize all the examined phenolic, guai-
acolic, catecholic, and aniline diazo dyes. However, the
oxidation rate of the last group was very slow (Fig. 5a).
The oxidation reactions of EPOX, was also sensitive to
the nature of the substitutions on the structure of the
dyes. As expected, dyes carrying electron-withdrawing
groups were oxidized at lower paces (Fig. 5b). Interest-
ingly, LPOX,, bypassed this limitation and oxidized ani-
line dyes at a comparable rate as the other types of diazo

dyes. For instance, the instantaneous rate of IV, oxida-
tion (dA min~! = 0.025) was close to the oxidation rate
of II,, dA min~! = 0.028 (Fig. 5c and d). The oxidation
reactions by LPOX,, was also sensitive to the nature of
the substituents but in a different way. LPOX, unexpect-
edly accelerated the oxidation of the dyes carrying elec-
tron-withdrawing groups. Comparing the data presented
in Fig. S3 reveals that the oxidation rates of IV, and IV,
were boosted 7.1 and 4.2 times, respectively, while the
reactions of IVy and IV, were increased about 100 times.
Although uneven effects of the various substituents on
the rates of radical reactions have been discussed in the
literature [37], an explanation of this phenomenon needs
more research because the magnetic field effect on elec-
tron transfer should also be taken into account.

3.5 POX,, immobilization efficacy

In addition to the typical absorption peaks of proteins at
about 235 and 280 nm, the spectrophotometric spectrum
of a plant POX shows the absorption band of heme at
about 403 nm [34]. Accordingly, despite the interference
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of the residual nanoparticles at the 280 nm region, caused a little background at 403 nm after the immobi-
the efficiency of the coupling reaction of MHyX-CyC lization reaction (dash-line in Fig. 6). Nonetheless, this
with EPOX,, could be measured reliably through the absorbance was ascribed to the possible residual of the
decrease of the heme absorbance (Fig. 6). The turbidity =~ uncoupled POX,,. Given this fact, it is concluded that
of the enzyme solution after the immobilization reaction  the enzyme uptake by the nanoparticles was at least 86%

0.15 '
0.1
4
0.05
0
250 300 350 400 450

Wavelength (nm)

Fig. 6 UV-visible spectra of FPOX,, before (a), after (b) coupling reaction with MHyX-CyC and the wash solution of |.POX,, (c)
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Table 1 The efficacy of POX,, immobilization on activated MHyX

Solution Vv Abs. Abs. Rate Unit of Activity® Total Units
(mL) 280 nm 403 nm dA min™’ UM min~! of Activity

uM min~!

POX,, (B 2 0.0813 0.089 0.108 7.05 7050

POX,, (Al) 2 0.318 0.012 0.014 091 910

Wash 6 0.059 0.004 0.026 1.70 1020

LPOX,, 30° 0.113 737 737°

Primary Uptake (%) 86¢

Washed Enzyme (%) 149

Effective load (%) 73

Activity Recovery (%) 14¢

215 mg per mL, "based on the extinction coefficient of llly at 375 nm pH 5 (15,330 cm™' M), total amount of .POX,, = 300 mg, “based on absorbance at 403 nm,

®based on total units of activity

Total Protein: 0.258 mg specific activity =27315.5 (see the supplementary materials for the calculations)

successful. Table 1 also suggests that 14% of FPOX_, was
non-covalently bonded to the nanoparticles since it was
found in the wash solution. Therefore, the effective load
of enzyme onto the magnetic nanoparticle was 73%.

Examination of the enzyme activity revealed that LPOX,
showed only 14% activity of the covalently-bond enzyme
(Table 1). This means that about 85% of the immobilized
POX,, either lost its activity or was not accessible for the
substrate. But, in contrast to EPOX_,, it was possible to use
LPOX,, in 6 more successive cycles of reactions with an
average efficiency of 64% (Fig. 4d). This makes 3567 units
of activity equal to 51% of the total activity of the original
EPOX,, solution (7050 uM min~’, (see the supplementary
materials for the calculations of Table 1). A similar method
was used to immobilize lipase, resulting in a higher recov-
ery of the initial activity [38, 39]. Although the preparation
methods of the matrices are not identical [38, 39], this dif-
ference in the outputs could be attributed to the different
surface charges of these two enzymes and the existence of
sensitive structural elements such as the heme cofactor and
the disulfide bridges in plant POXs [34].

4 Conclusion

Considering the increasing applications of plant POXs
for environmental purposes, such as enzymatic reme-
diation of water resources, and the lack of data about
the immobilization of such enzymes on magnetized
xerogel as a safe, robust, and cost-effective carrier, the
immobilization of POX_, on the designed MHyX was
demonstrated in a comparative and quatitative way.
Immobilization boosted the physicochemical prop-
erties of POX,, and made it capable of oxidizing the
recalcitrant azo dyes carrying electron-withdrawing
groups at an accelerated rate while FPOX,, failed or
was too slow. The qualifications of L.POX,, allows its
facile employment in the remediation of polluted water

resources with variable pHs and the fabrication of
various biosensors. The combination of the attractive
physicochemical properties of POX, as well as the eco-
friendly nature and facile preparation of MHyX sup-
port the large-scale development of this technology for
enzymatic remediation of water resources.
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