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DOLT0-1039/x0xx00000x Recent world events have demonstrated the critical need for facile and miniaturized
www.rsc.org/ bioremediation technologies of organophosphates (OPs). These compounds are among the
most toxic substances synthesized to date and are used as pesticides and nerve agents.
Biotechnological methods based on the use of organophosphate hydrolase (OPH) for
detoxification of OPs have drawn significant attention. This work presents a new ‘one-pot’
methodology for a rapid and straightforward fabrication of enzymatically-active carbon
nanotubes (CNT) paper for OPs bioremediation. Carboxylated CNTs are ultrasonically
dispersed in an aqueous surfactant solution followed by a microfiltration process, to generate a
paper-like membrane, which is assembled from entangled nanotubes. Herein, OPH conjugation
to the CNTs is carried out by carbodiimide chemistry during the microfiltration process.
Successful covalent immobilization of the enzyme onto the nanotubes surface is confirmed by
cryo-transmission electron microscopy and infrared spectroscopy. To study the potential of this
platform for OPs bioremediation, an aqueous solution of methyl paraoxon (used as a model
OP) is filtered by the resulting OPH-CNT membranes. Significant decrease of methyl paraoxon
concentration is obtained, ascribed to its in situ hydrolysis by the immobilized OPH during the
filtration process. These thin membranes allow performing many subsequent filtration cycles,
while maintaining their enzymatic activity, owing to the unique combination of mechanically
robust CNT scaffold and high OPH loading. This study presents a new generic approach for
the design of bioactive paper-like scaffolds, which can be rationally tailored for a variety of
applications.

OPs detoxification, involving the enzyme organophosphate
hydrolase (OPH), have drawn significant attention %%,

1. Introduction

Organophosphates (OPs) are potent inhibitors of the enzyme
acetylcholinesterase (AChE) and their acute toxicity is
attributed to the excessive cholinergic stimulation caused by
inhibition of this enzyme at the neuromuscular junctions and in
the central nervous system "2 Synthetic OPs are widely used in
agriculture and also as chemical warfare agents > * 5. The
World Health Organization reports on three millions cases of
OPs-related poisonings worldwide 2, mainly due to the
accumulation of these toxic compounds in ground and surface
waters °. Therefore, numerous methods for OPs removal and
detoxification have emerged "7, including oxidation 7 &
reverse osmosis >, activated carbon adsorption 2 and
biodegradation '®. Specifically, biotechnological methods for

This journal is © The Royal Society of Chemistry 2013

OPH is a ~35 kDa enzyme, characterized by very high affinity
towards OPs, capable of their reversible binding and
subsequent hydrolysis 22> ?* 2% Detoxification of OPs by OPH
requires a stable, highly efficient, and cost-effective system.
The immobilization of OPH on a given scaffold may meet these
demands, and provide the means whereby toxic substances can
be efficiently degraded in a continuous process .
Immobilization of OPH onto different types of scaffolds >°,
including cellulose '°, trityl agarose *° and amyloid fibrils ',
have been investigated for the development of bioremediation
systems.

Over the past decade carbon nanotubes (CNT) have
attracted significant attention for enzyme immobilization owing
to their large surface area, chemical inertness, superior
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mechanical properties and electrical conductivity > 273!

Specifically, CNT paper, which is a paper-like CNT film** 3%
(also termed as buckypaper) has recently emerged as promising
scaffolds for enzyme immobilization with exciting potential
applications as enzyme-based biofuel cells ***! and biosensors
42 However, to date, CNT papers have not been studied for
enzyme-immobilized biocatalytic membranes, despite the
numerous publications focusing on buckypaper for
conventional membrane technology™> **¢,

This work presents a new ‘one-pot’ methodology for the
fabrication of an enzymatically-active CNT paper for OPs
bioremediation. Based on a preliminary study on the enzymatic
activity of different OPH-CNT conjugates, an ‘in-house’
synthesized carboxylated multi-walled CNTs (MWNTs) are
identified to exhibit superior catalytic activity. Thus, these
carboxylated MWNTs are further used for the construction of
OPH-immobilized CNT paper. The COOH-MWNTs are
ultrasonically dispersed in an aqueous surfactant solution
followed by a microfiltration process, to generate a thin paper-
like membrane. /n situ OPH conjugation is carried out by
carbodiimide chemistry during CNT paper formation process.
The covalent attachment of the OPH to the MWNTs surface is
confirmed. To demonstrate the potential of the resulting OPH-
CNT papers for bioremediation, we have studied the effect of
treating a model OP (methyl paraoxon, MOX) solution with
these miniaturized membranes. Significant decrease in MOX
concentration is obtained, which is ascribed to its in situ
hydrolysis by the immobilized OPH during the filtration
process. Thus, this generic process allows for a rapid and facile
construction of enzymatically-active nanostructured scaffolds
for a variety of applications.

2. Experimental section

2.1 Materials and buffers

Both types of MWNTs, i.e., NC 7000 (Nanocyl, Belgium) and
NanoAmor (Amorphous Materials, Inc., USA) have been
chemically oxidized. Commercially available oxidized
MWCNTs (COOH-MWCNTs), ie., TNMC3 (Timesnano,
China), COOH-DWNTSs, and NC 2101 (Nanocyl, Belgium)
were used as received without further purification. The
surfactant Triton X-100, 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-Hydroxysuccinimide
(NHS), and methyl paraoxon (MOX) were obtained from
Sigma Aldrich Chemicals. Organophosphorus hydrolase (OPH,
EC 3.1.8.1) was supplied by Lybradyn, Inc. Oak Brook, IL,
USA. All materials were used as received without further
purification.  2-(4-Morpholino)ethanesulfonic acid (MES)
(Sigma Aldrich Chemicals) buffer 0.5 M was prepared by
dissolving the appropriate amount of MES in double distilled
water. The pH of the buffer was adjusted to 6.1 with a
necessary amount of 0.1 M NaOH (Frutarom, Israel).
Phosphate buffered saline (PBS) pH 7.4 was prepared by
dissolving di-sodium hydrogen phosphate anhydrous (Carlo
Erba Reagenti) and dihydrogen orthophosphate anhydrous
(Loba Chemie PVT Ltd.) in double distilled water at a
predetermined ratio to yield the proper pH value. 2-
(Cyclohexylamino)ethanesulfonic acid (CHES) (Sigma Aldrich
Chemicals) buffer 0.02 M was prepared by dissolving the
appropriate amount of MES in in double distilled water. The
pH of the buffer was adjusted to 9 with an appropriate amount
of 0.1M NaOH (Frutarom). 5% v/v of methanol (Gadot Ltd)
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and 0.01 M of CoCl, (Sigma Aldrich Chemicals) were added to
the CHES buffer.

2.2 Synthesis of COOH-MWNTs

Carboxylated MWNTs (COOH-MWNTs) were prepared
according to a previously reported oxidative wet-chemistry
method 2% " ® j e, the use of an oxidative acidic 1/1 v/v
mixture of concentrated 12 M HNO; and 36 M H,SO4 (90°C,
1.5 h) followed by multiple rinsing with double-distilled water
until neutrality. The process results in the carboxylative
opening of oxidation-sensitive end-caps, and in the introduction
of defect carboxylic (COOH) groups on sidewall surfaces of
oxidized COOH-MWNTs.

2.3 Synthesis of OPH/COOH-CNTSs conjugates

COOH-CNTs (140 mg) were dispersed an aqueous Triton X-
100 solution (200 mL) by ultrasonication (Vibra cell VCX 750
- Sonics & Materials Inc., USA). The MWNT:Triton X-100
weight ratio was kept constant at 1:5 in all samples.
Ultrasonication was performed at a temperature of 4°C for 15
min at amplitude of 10% to form uniform COOH-CNTs
dispersions. The resulting dispersions were mixed with 0.1 mL
of MES buffer (0.5 M pH 6.1) and NHS (0.23 mL of 25
mg/mL). Subsequently, 0.12 mL of aqueous EDC solution (5
mg/mL) was added to the dispersion and gently stirred for 30
min. The resulting dispersions were centrifuged at 13,000 rpm
for 6 min and the CNTs sediment was re-dispersed in 0.9 mL
PBS. Centrifugation and re-dispersion steps were carried out 3
times. 0.1 mL solution of OPH in PBS at a concentration of 1
mg/mL was added to the re-dispersed COOH-CNTs and
allowed to react at 4°C for 15 h under agitation. To separate the
OPH/COOH-CNTs conjugates from any unreacted species,
centrifugation at 13,000 rpm for 6 min was carried out and the
sedimented conjugates were re-dispersed in 0.94 mL of CHES
buffer. The centrifugation and re-dispersion steps were repeated
3 times.

2.4 Enzymatic activity measurement of immobilized OPH

As a model OP solution, MOX was dissolved in CHES buffer
to a concentration of 25 mM. 60 pL aliquots of this solution
were added to the aforementioned different OPH/COOH-CNTs
dispersions and incubated at room temperature for 5 h. The
catalytic activity of the immobilized OPH on CNTs was
determined spectrophotometrically by monitoring p-nitrophenol
formation during MOX hydrolysis. At specified time points,
aliquots (150 pL) were sampled and centrifuged at 13,000 rpm
for 3 min. The supernatant (100 pL) was mixed with an
equivalent volume of CHES buffer and p-nitrophenol was
monitored by absorbance measurements at 347 nm using a
microplate reader (Varioskan Flash, Thermo Scientific, USA).

2.4 ‘One-pot’ fabrication of OPH/COOH-MWNTSs papers

COOH-MWNTs (140 mg) were dispersed an aqueous Triton X-
100 solution (200 mL) by ultrasonication (Vibra cell VCX 750
- Sonics & Materials Inc., USA). The MWNT:Triton X-100
weight ratio was kept constant at 1:5 in all samples.
Ultrasonication was performed at a temperature of 4°C for 15
min at amplitude of 10% to form uniform COOH-CNTs
dispersions. 14.5 mL of the COOH- MWNTs dispersion was
mixed with 1.5 mL of PBS, EDC solution in 0.05M PBS (1.5
mL of 20 mg/mL), and OPH solution in 0.05M PBS (4 mL of 5
mg/mL). The resulting mixture was immediately filtered

This journal is © The Royal Society of Chemistry 2012
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through a 0.45 pum ester cellulose membrane (Millipore,
Ireland) under vacuum. The resulting OPH/COOH-MWNTs
paper (the filtration bed) was thoroughly rinsed with PBS and
NacCl (1 M) to remove unreacted moieties.

OPH content in the resulting OPH/COOH-MWNTs papers
was determined by measuring residual OPH concentration in
the filtrate following fabrication. Thus, absorbance
measurements were carried out at 280 nm using a microplate
reader (Varioskan Flash, Thermo Scientific, USA).

2.6 Electron Microscopy

The nanostructure of the OPH/COOH-MWNTSs conjugates
(while dispersed) was investigated by cryogenic transmission
electron microscopy (cryo-TEM). A small droplet of the
OPH/COOH-MWNTs dispersion was placed on a perforated
carbon film supported on a TEM copper grid (Ted Pella, Inc.,
USA), held by tweezers. It was then blotted by a piece of filter
paper, resulting in the formation of thin films (100-300 nm)
within the micropores of the grid. The specimen was then
plunged into a reservoir of liquid ethane, cooled by liquid
nitrogen, to ensure its vitrification and to prevent ice crystals
formation. The vitrified specimen was transferred under liquid
nitrogen and mounted on a cryogenic sample holder, cooled to -
170°C. Vitrified samples were examined in a FEI T12 G2
Cryo-TEM, operating at 120 kV, using a Gatan 626 cryo-
holder. Images were recorded in a Gatan US1000 high-
resolution cooled CCD camera and were processed with
DigitalMicrograph software version 3.3.1. The ramp-shaped
optical density gradients in the background were digitally
corrected.

The morphology of OPH/COOH-MWNTSs papers was
characterized using a LEO 982 (Cambridge, UK) high
resolution scanning electron microscopy (HRSEM), equipped
with a high-resolution field emission gun (FEG), operating at a
4 kV accelerating voltage, a working distance of 3-4 mm, and
an in-lens detector of secondary electrons.

2.7 FTIR spectroscopy

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy spectra of the OPH/COOH-MWNTs
membranes were recorded using a Thermo 6700 FT-IR
equipped with a Smart iTR diamond ATR device.

2.8 Specific surface area measurements

The specific surface area of the OPH/COOH-MWNTs
membranes was measured using a single-point BET on a
Monosorb II analyzer (QuantaChrom).

2.9 Enzymatic hydrolysis
OPH/COOH-MWNT papers

of methyl paraoxon by

A volume of 5 mL of MOX (1.5 mM) aqueous solution in
CHES is poured onto the OPH/COOH-MWNTSs paper and
vacuum filtered. The degree of MOX hydrolysis was
determined by quantifying the concentration of the degradation
product, p-nitrophenol, in the filtrate, as previously described.
Note that the p-nitrophenol concentration was measured at the
end of each filtration cycle i.e. after ~1 h. The obtained filtrate
solution was retreated by subsequent filtration steps using the
same OPH/COOH-MWNTs membrane and p-nitrophenol
concentration is measured in the filtrate after each cycle.

This journal is © The Royal Society of Chemistry 2012

3. Results and discussion

3.1 Conjugation of OPH to CNTs

The synthesis scheme for the conjugation of the OPH enzyme
to CNTs is outlined in Figure la. Prior to the enzyme
attachment, two types of oxidized MWNTs were synthesized
according to a known oxidative wet-chemistry method 2% 47 4
using a mixture solution of concentrated HNO; and H,SOy,
towards corresponding carboxylic acid-functionalized multi-
walled CNTs (COOH-MWNTs). These COOH-MWNTs as
well as commercially available carboxylated MWNTs and
double-walled CNTs are exfoliated in an aqueous surfactant
(Triton-X 100) solution by ultrasonication to yield highly-
dispersed CNTs suspensions *°. Subsequently, direct coupling
of OPH to the carboxylic acid functionalized CNTs is
performed after their activation with N-hydroxysuccinimide
(NHS) using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) coupling chemistry % % 5! OPH
conjugation in highly dispersed CNTs suspensions increase
enzyme immobilization owing to the greater interfacial volume
for interaction between the OPH and COOH-CNTs *°. The
reaction is followed by intensive centrifugation and rinsing to
remove unreacted species.

The enzymatic activity of the different OPH-CNTs
conjugates is characterized by measuring the hydrolysis rate of
methyl paraoxon (MOX), used as a model OP substrate. The
catalytic hydrolysis of MOX produces equimoles of p-
nitrophenol, and its formation is determined
spectrophotometrically. Figure 1b depicts the enzymatic
activity of the different OPH-CNTSs conjugates, normalized
with respect to the CNTs mass, as a function of the hydrolysis
reaction time. The highest OPH activity is observed for
conjugates in which carboxylic acid-functionalized MWNTs
(Nanocyl) fabricated in our laboratory have been used. After
approximately two hours, this conjugate exhibits an enzymatic
activity that is at least 50% higher in comparison to all other
conjugates. It should be noted that conjugates based on the ‘in-
house’ oxidized MWNTs outperform those prepared from
commercially available carboxylated CNTs. This is ascribed to
the higher content of carboxylic acid groups on the CNTs
surface, resulting in higher protein conjugation efficiency 2.
Thus, based on these catalytic activity results, the COOH-
MWNTs (Nanocyl) system has been further used in this work.

P N 1 &

a. 0
HNO,/H,SO0, !\OH !\0/ &:‘;“
»3 2 s EDC/NHS k 0 WA
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Fig 1 (a) Synthesis scheme for the covalent immobilization of OPH to
COOH-CNTs, (b) Enzymatic activity of the different OPH/COOH-
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CNTs conjugates, normalized with respect to the CNTs mass, vs.
hydrolysis reaction time.

3.2 Fabrication of OPH/COOH-MWNT papers

The next step is to develop CNTs papers that exhibit a
biocatalytic activity, and can be potentially applied as a thin
bioreactor for OPs bioremediation processes. We envisaged two
possible methods for fabricating such membranes. The first and
straightforward approach would be to pre-synthesize the CNT-
enzyme conjugates followed by their dispersion and subsequent
microfiltration, to yield a freestanding paper. The main
drawback of this route is the essential re-dispersion step, which
involves harsh ultrasonication conditions of the CNT-enzyme
conjugates. Despite the widespread use of ultrasonication in
various research disciplines and industries, the effects of
ultrasonic energy on the stability and function of enzymes is not
well characterized **. Ultrasonication has been shown to affect
the secondary structure of enzymes, disrupting the active site
conformation >, which in turn may result in the loss of
enzymatic activity >*. In addition, the multiple steps and time-
consuming separation processes also present a significant
disadvantage. Thus, an alternative and more attractive approach
would be to carry out the enzyme conjugation reaction
simultaneously to membrane formation. This ‘one-pot’ method
may allow for a rapid and facile route for the fabrication of
enzymatically-active CNT papers. The following sections will
describe the bioactive paper synthesis and assembly by this
methodology.

The first step is to disperse the COOH-CNTs in an aqueous
surfactant solution by ultrasonication. The next step involves a
microfiltration process, to generate the porous membrane,
commonly termed buckypaper, assembled from entangled
nanotubes. Herein, OPH conjugation to the COOH-CNTs is
carried out during the microfiltration process. The EDC cross-
linker is added to the filtered nanotubes dispersion, to activate
the carboxylic acid groups and allow in sifu conjugation to the
OPH primary amines via amide bonds. The resulting membrane
is thoroughly rinsed with NaCl solution (1 M) to remove
unreacted species and in particular the non-covalently attached
enzyme.

In order to confirm the immobilization of the OPH onto the
nanotubes, the dispersion is sampled during the microfiltration
process followed by ultra-fast cooling vitrification *> 3. Cryo-
transmission electron microscopy (cryo-TEM) imaging of the
vitrified dispersion is presented in Figure 2. The nanotubes are
observed to be individually dispersed within the aqueous
solution, while the enzyme densely decorates their surface (Fig.
2a). Cryo-TEM images of neat COOH-MWNTs dispersions
(Fig. 2b) and corresponding OPH/COOH-MWNTs dispersions,
in which the coupling agent EDC is omitted (Fig. 2c), clearly
show that the native nanotube surface is smooth. In the case of
the OPH/COOH-MWNTs system, minor protein adsorption to
the nanotubes surface can be observed. These results are
ascribed to nonspecific adsorption of the OPH enzyme onto the
nanotube surface, as previously demonstrated *>°. Thus, cryo-
TEM studies reveal the successful covalent immobilization of
OPH onto MWNTSs by the aforementioned ‘one-pot’ process.

4 | J. Mater. Chem. B., 2012, 00, 1-3
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Fig. 2 Cryo-TEM images of: (a) OPH/COOH-MWNTs dispersion. The
MWNTs are observed to be individually dispersed within the aqueous
solution, while the OPH densely decorates the nanotube surface. (b)
OPH/COOH-MWNTs dispersion, in which the coupling agent EDC is
omitted and (c) neat COOH-MWNTs dispersion (no enzyme).

Figure 3a shows an image of a typical freestanding
OPH/COOH-MWNTs paper (thickness of ~100 pm and
diameter of 16 mm), prepared via the ‘one-pot’ process,
demonstrating its integrity and mechanical stability. The
morphology of the resulting paper is investigated by high-
resolution scanning electron microscopy (HRSEM) and
compared to that of a neat COOH-MWNTs (no OPH) paper,
see Figure 3b and c, respectively. Both membranes exhibit a
porous nanostructure of highly entangled MWNTs, typical of
buckypaper®2* %% with pores size in the range of 20-150 nm.
The interconnected CNT network nanostructure allows
obtaining a significant surface area of 275+25 m%/g, determined
by nitrogen adsorption and BET analysis. The fine OPH
decoration, observed by cryo-TEM, cannot be detected by
HRSEM for the OPH/CNTs membranes, possibly due to the
lack of sufficient contrast and resolution. In addition, entrapped
enzyme aggregates, within the porous MWNTs network, cannot
be distinguished. Thus, HRSEM studies demonstrate that
enzyme immobilization does not alter the porous paper
structure.

Fig 3 (a) Image of a typical freestanding OPH/COOH-MWNTs paper
prepared via the ‘one-pot’ process, (b) high-resolution SEM
micrographs of OPH/COOH-MWNTs and (c) neat COOH-MWNTs (no
OPH) papers. Both systems exhibit a porous nanostructure of highly
entangled MWNTs

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy of the OPH/COOH-MWNTs paper is
employed as a complementary tool for confirming

This journal is © The Royal Society of Chemistry 2012
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immobilization of OPH onto the carboxylated nanotubes.
Figure 4 depicts the ATR-FTIR spectra of the OPH/COOH-
MWNTs paper and the corresponding neat COOH-MWNTs
system. The OPH/COOH-MWNTs paper exhibits typical
absorbance bands for both the a-helix and [-sheet
conformations of the enzyme 2. The frequency peaks at 1658,
1644, 1557, and 1537 cm™ correspond to the a-helix and those
at 1694, 1682, 1633, and 1620 cm™ correspond to the fB-sheet
conformations ** *°. These bands are not observed for the
COOH-MWNTs membranes *°. Thus, ATR-FTIR spectroscopy
confirms the enzyme immobilization within the CNT network.
Bands ascribed to specific amide bonds between the OPH and
the COOH-MWNTs cannot be detected. Nevertheless, it should
be emphasized that the OPH/COOH-MWNTs papers are
rigorously rinsed with NaCl solution in order to remove any
physisorbed moieties. Namely, we assume that the
characteristic OPH bands, observed for the OPH/COOH-
MWNTs paper, can be assigned to the covalently attached
enzyme ** *°. Based on this assumption, we calculate the
immobilization reaction yield to be 44% (determined by
measuring residual OPH concentration in the filtrate following
paper fabrication). Thus, the enzyme loading in the resulting
OPH/COOH-MWNTs paper is 862 mg/g (expressed as mg
OPH per gram MWNTSs), which is one order of magnitude
higher in comparison to previously reported studies, in which
OPH was immobilized onto polyurethane scaffolds and silica
particles ** %,

0.415
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w w
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Fig. 4 ATR-FTIR spectra of OPH/COOH-MWNTs and neat COOH-
MWNTs papers.

3.2 Enzymatic hydrolysis of
OPH/COOH-MWNT papers

methyl paraoxon by

Previous sections have demonstrated that our new “one-pot”
synthetic approach results in a CNT paper, in which the OPH
enzyme is covalently immobilized onto nanotubes surface.
Figure 5 schematically illustrates the structure of the resulting
membranes. To investigate the potential of this platform for
bioremediation processes, we have studied the effect of filtering
a model OP (MOX) solution through the membrane. It is well
established that the OPH enzyme hydrolyze, and thereby
detoxify, a broad range of OPs ¢’. Enzymatic hydrolysis of
common OPs reduces their toxicity by nearly 120-fold .
Moreover, it was shown that enzymatic hydrolysis is 450 times
faster in comparison to conventional chemical hydrolysis
processes (e.g., by 0.1 N sodium hydroxide) ®.

This journal is © The Royal Society of Chemistry 2012
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CH;0-P-OCH;3

substrate hydrolysis products

OPH/CNTSs paper

Fig. 5 Schematic illustration of the structure and the functionality of
the biocatalytic OPH/COOH-MWNTs paper. A model OP (MOX)
solution is filtered through the paper-like membrane and a decrease in
MOX conecerntartion is obtained due to its in situ hydrolysis by the
immobilized OPH during the filtration process.

An aqueous solution of 1.5 mM MOX (5 mL) is poured onto
the OPH/COOH-MWNTs paper and vacuum filtered. This
MOX concentration is used in order to simulate a highly
contaminated OPs solution. For example, according to
European Union regulations, a permitted concentration of OPs
in groundwater is 0.1 pg 1! . The degree of MOX hydrolysis
is determined by quantifying the concentration of the
degradation product, p-nitrophenol, in the filtrate. The p-
nitrophenol concentration was measured at the end of the
filtration i.e. after ~1 h. The obtained filtrate solution is
retreated by subsequent filtration steps using the same
OPH/COOH-MWNTs membrane. The calculated MOX
concentration after each filtration cycle depicted in Figure 6.
MOX concentration decreases by more than 10% following the
first filtration cycle. Considering the low residence time in the
membrane, as dictated by the paper’s dimensions (100 pm
thick), reduction in MOX content is relatively significant. This
point will be discussed in detail in the following sections.

1.6

-
[3,]

MOX Concentration (mM)

1.2 ——OPH/COOH-MWNTSs
-A-COOH-MWNTs
11
0 1 2 3 4

Filtration cycle

Fig. 6 Methyl paraoxon (MOX) concentration vs. the number of
treatment/filtration cycles using the same OPH/COOH-MWNTs paper.

To verify that the reduction in MOX concentration is ascribed
to its enzymatic hydrolysis, the filtration processes is also
performed by using a neat COOH-MWNTs paper (no enzyme).
Indeed, in this case, MOX concentration is unchanged (see Fig.
6). These experiments confirm that the decrease in MOX
content results from its in situ hydrolysis by the immobilized
OPH during the microfiltration process. Thus, the resulting
enzymatically-active paper presents a facile bioremediation
route to treat OPs contaminations. By carrying out subsequent
treatment cycles it is possible to further reduce MOX content as

J. Mater. Chem. B, 2012, 00, 1-3 | 5
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shown in Figure 6. This result demonstrates that the
OPH/COOH-MWNTs paper maintains its functionality
throughout the entire experiment (4 cycles). Additionally, reuse
of the paper after several days results in similar MOX
biodegradation efficiency (data not shown). Thus, these results
confirm that the paper preserves its catalytic performance and
demonstrates that this ‘one-pot’ fabrication route results in
robust scaffolds for OP’s bioremediation.

The OPH/COOH-MWNTSs paper can be considered as a
thin membrane bioreactor in analogy to conventional fibrous-
bed bioreactors ', Important characteristics of the system i.e.,
porosity, residence time and enzyme loading are calculated.
The porosity (voids fraction) of the membrane (¢) is calculated
according to following equation:

d

_ MWNTSmlaI

thal 4
( 1 ) V;otul

where Vi, is the volume of the membrane according to its
dimensions, S, is the membrane surface area as measured by
BET and dywnr is the average diameter of a single MWNT.
The calculated porosity value is 0.72+0.1. This high porosity
value is within the range of typical buckeypaper systems
reported in the literature 7.

The residence time, defined as the ratio between the voids
volume and the volumetric flow rate, is calculated to be
10.4=1.5 s. It is important to note that the residence time in the
OPH/COOH-MWNTs membrane is at least one order of
magnitude lower in comparison to conventional OPH-based
packed-bed bioreactors previously reported '® 7*. Thus,
considering the low residence time in the studied system, the
achieved MOX biodegradation is significant (22%). Hence, for
practical applications, the system should be further optimized in
terms of the residence time (e.g., by increasing the membrane
thickness) in order to achieve higher hydrolysis efficiencies.

4. Conclusion

Different OPH-CNTSs conjugates have been prepared and their
enzymatic activity was determined. Based on these results, a
specific ‘in-house’ synthesized carboxylated-MWNTSs system
was identified to exhibit superior catalytic activity when
conjugated with the OPH enzyme, and was therefore further
used in this work. A new ‘one-pot’ methodology for in situ
immobilization of OPH onto CNTs surface was developed. It
should be emphasized that the covalent attachment of the OPH
occurs simultaneously to the CNTs paper formation, and their
enzymatic activity is confirmed. Thus, this generic process
allows for a rapid and facile construction of enzymatically-
active nanostructured scaffolds. To demonstrate the potential of
the OPH/COOH-MWNTs papers for bioremediation, we have
studied the effect of treating a model OP (MOX) solution with
these miniaturized membranes. Indeed, significant decrease in
MOX concentration is obtained, which is ascribed to in situ
hydrolysis of MOX by the immobilized OPH during the
filtration process. The unique combination of the high enzyme
loading in these CNT membranes together with their high
mechanical  integrity allows for  construction and
miniaturization of conventional bio-catalytic systems e.g.,
packed-bed bioreactors. This proof-of-concept study presents a
new approach for the design of bioactive nano-scaffolds, which
can be rationally tailored for a variety of applications ranging
from environmental remediation to biomedical devices.
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