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ABSTRACT

A highly durable and versatile micro scale biocatalytic reactor has been designed and investigated in
the heterogeneous enzyme-catalytic oxidation of phenols. It consisted of optical or electron beam litho-
graphic gold deposited layer with different thickness from nano- to micro-scale on a semiconductor
surface. Horseradish peroxidase (HRP) enzyme was immobilized on the gold-surface using two different
approaches (i.e., physical adsorption and self-assembled monolayer). Characterization of those HRP-gold
surfaces was made using AFM (atomic force microscopy) coupled with ellipsometry measurements, SEM
(scanning electron microscopy), STM (scanning tunneling microscopy) and spectrophotometric tech-
nique. The catalytic performances of the developed structures were investigated after their incorporation
in microreactors using a recycling-flow system dedicated to phenols oxidation. In order to optimize the
efficiency of the oxidation process it was checked the effect of the successively addition of the reagent,
the influence of the reaction time, the stability and the reuse of the biocatalytic micro-system. Maximum
phenol conversion was of 35.1%. In addition to phenol the system has also been investigated in oxidation
of other phenolic compounds such as cathecol, hydroquinone, rezorcine, 3-naphtol, o/p-aminophenol

and 4-metoxyphenol.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The concept of reactor miniaturization, novel technology of
nowadays for successful scale-up of catalytic and biocatalytic pro-
cesses represent promising tool to replace batch technological
based and conventional-scale reactors in a more effective way
[1-3]. Various aspects of technological and biotechnological pro-
cesses such as on-site and on-demand production of hazardous
chemicals, requirement of an integral component within the frame-
work of process miniaturization as well as a means of process
intensification [4-6] support this concept. Advantages include
improvement in surface to volume ratio, large interfacial area
allowing multiphase reaction systems, efficient mass transfer lead-
ing to a shorter diffusion time of the reagent to the active sites of the
catalyst, enhancement of the reaction kinetics, low consumption of
reagents, sample and energy [7,8].
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Phenols biocatalytic oxidation in the presence of peroxidase as
biocatalyst is still one of the most useful reaction in the area of
phenol-industry. The current view of process mechanism entails
the direct one electron oxidation of phenols molecule in the pres-
ence of hydrogen peroxide followed by coupling of the resulted
radicals with the formation of a wide array of polymeric prod-
ucts that precipitate from the solution [9]. Bio-oxidation of phenol
furnishes more hydroxylated aromatic compounds that can be oxi-
dized to quinones while further oxidation give a complex mixture
of organic compounds with high content of polyphenols [10]. Enzy-
matic synthesis of polyphenols has the advantages of high catalytic
activity, mild reaction conditions, high regioselectivity and the
absence of by-product formation [11]. Thus, peroxidase enzymes
have been reported to catalyse phenolic polymers and copoly-
mers synthesis from a wide range of phenols, including p-cresol,
p-phenylphenol, various naphtols, and phenol itself, along with
related anilines [12-16]. In particular, horseradish peroxide (HRP)
has demonstrate a great ability to catalyse the oxidation of phenols
followed by polymerization of oxidized phenols in homogeneous
and also heterogeneous forms [17,18].

HRP enzyme can be advantageously used in immobilized
form turns the enzyme-based phenol oxidation into a more
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economically viable approach. As an important advantage the
immobilized enzyme (e.g. HRP) is frequently more stable towards
harsh experimental conditions such as higher temperatures or dif-
ferent pH [19]. Thus, the biocatalyst can survive longer during the
process conditions and can also be reused several times. Packed
bed reactors have been used for this purpose. The HRP immo-
bilization was carried out on glass beads, polymers, filter paper,
nylon balls, etc. [20-22]. The enzyme was supported using dif-
ferent immobilization procedures which had a direct influence
on the preservation of the HRP activity, such as physical adsorp-
tion, cross-linking, entrapment, bioaffinity coupling and covalent
attachment (providing a better orientation of the biocatalyst on
the reactor surface) [20,23-25]. In covalent immobilization, selec-
tive activation and coupling procedures have been performed for
support pretreatment leading to epoxy-, carboxylic- or amino-
activated support allowing enzyme coupling [26-29]. HRP-reactors
have been designed as disk, bed or tubular reactor specifically
for batch, semi-bach and continuous flow (e.g. simple continuous,
combined continuous--stopped or recycling continuous flow) sys-
tems [30-32]. In a slurry reactor, homogeneous polymerization
is enhanced in the bulk liquid phase while it is suppressed in a
liquid-full operated fixed bed reactor due to the high solid to lig-
uid ratio [33,34]. Miniaturization of HRP-microreactor is another
important target with significant contributions to cost reduction
and efficiency improvement as well as giving a “greener direc-
tion” to the process. However, this topicis still under investigations
[35-38].

In this paper a HRP-microreactor with micro-/nano-gold pat-
tern deposed on silicon holders by optical or electronic lithography
is described and characterized based on its catalytic properties on
phenols oxidation process. The HRP enzyme is adsorbed or cova-
lently immobilized on the gold pattern surface testing the approach
advantages for increased volumetric productivity and improved
stability. The miniaturized biocatalytic reactor was of a tubular type
and was evaluated under recycling-flow conditions.

2. Experimental
2.1. Chemicals and instruments

Phosphate buffer saline (PBS) was prepared as stock solution
of 100 mM concentration according to the following method: 80 g
NaCl, 2 g KCl, 14.3 g NayHPO4-2H,0 and 3.43 g KH,PO4 were dis-
solved in 1 1 distilled water and the pH was adjusted with either
NaOH or HCL

Stock solution of phenol (10mM) was prepared in 10 mM
PBS solution (pH 7.4). Also, the enzyme (HRP-Peroxidase from
horseradish, Sigma Type VI, product number P8375-25 KU, lot
number 097K7675, 259 U/mg) was dissolved in PBS (100 mM, pH
7.4) in order to obtain a solution of 250 units/mL concentration
for bioreactor preparation. H,0, stock solution (33%) was daily
diluted in phenol solution (10 mM) until 1M H,0, concentra-
tion since fresh solution needed to be used for the experiments.
11-mercapto-undecanoic acid thiol (11-MUA 95%), 1-ethyl-3-
(3-dimethylamino-propyl)-carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide ester (NHS) were used as immobilization
reagents for HRP attachment on the gold surface of the bioreac-
tor. All the solution reagents and chemicals were purchased from
Sigma-Aldrich and Merck.

HPLC-UV/Vis (Thermo Scientific ACCELA) system was used for
analytic measurements. The system was equipped with a RP C18
column and UV-VIS detector. The measurements were carried out
under the following experimental conditions: 1 mL/min flow rate of
the mobile phase (85% solution 0.5% acetic acid and 15% methanol)
and 254 nm wavelength of the UV-VIS detector. 'H- and 13C-MAS

NMR spectra were recorded at room temperature on MAS-NMR
Avance 400 Bruker spectrometer, at 400 ('H) and 100.5 (13C) MHz,
in a 94T field, with 15kHz spinning rate. Deconvolution of the
CP/MAS NMR spectra was carried out using the DMFIT program
[39].

2.2. Preparation of the micro-patterns and nano-patterns

Micro-patterns were prepared with features bigger than
1pwm and “zig-zag” design on silicon wafers (pieces of
length x width=10mm x 6 mm). They were inserted in the
reactor walls. These samples were coated with photo-resist on
silicon wafers (standard 5.08 cm P100 (p type, orientation 100)
silicon wafer). The process was based on the image reversal
technique for “bight field” contact masks. Standard contact optical
lithography, using a 10.16 cm Karl-Suss mask-aligner, was fol-
lowed by developing and lift-off, as before. Note that 1 um features
are a comfortable resolution limit for contact optical lithography
when using a 405 nm wavelength exposure (the rule of thumb
being that one can easily expose patterns with a typical size bigger
than 21). The optical lithography was followed by metal lift-off
technique, as before.

For nano-patterns a linear design was used with typical dimen-
sions smaller than 0.3 wm. The samples were exposed on a double
layer of polymethylmethacrylate resist spin-coated on silicon
wafers (standard 5.08 cm P100 (p type, orientation 100) silicon
wafer). The exposure was done by direct write electron beam
lithography (using a 100kV JEOL JBX-9300 machine), followed
by one minute development in methyl-isobuthyl ketone: iso-
propanol = 1:3 solution. The desired gold metal layer was deposited
over the entire wafer using an electron gun evaporator in high vac-
uum (10~ Torr). Note that, previous to gold evaporation, a thin
titanium layer (~10 nm) was added in order to insure gold adhesion
on silicon. Finally, the desired pattern is obtained by lift-off tech-
nique using hot acetone and isopropanol for rinse. In both cases, the
metal thickness was measured using a Dektak 6M stylus profilome-
ter, while samples characterization was done by SEM (scanning
electron microscopy) analysis (SEM Zeiss Supra 55).

2.3. Characterization of the micro-/nano-patterns

Atomic force microscopy (AFM) coupled with ellipsometry mea-
surements were carried out with a Tapping Mode AFM equipped
with a Digital Instruments Nanoscope Illa controller. Tips were
purchased from Olympus and had a nominal value of the spring
constant of 2 N/m. Images were acquired in air. Scanning tunnel-
ing microscopy (STM) was performed using a variable temperature
Aarhus system (Specs, Germany) operating in 10~ mbar vacuum
range using a tungsten tip. The tunneling current was in the range
1-10nA. Pictures were collected for surfaces of 20 A x 20 A.

2.4. HRP immobilization on gold patterns

The immobilization of the HRP enzyme on the gold patterns
was performed using the physical adsorption and self-assembled
monolayer methods. In both cases, the procedure was launched
with a washing step when the reactor surface was flushed with
acidic solution (93-95% H,S04) and dried with pure acetone. Phys-
ical adsorption of the enzyme on the reactor surface (microreactor
M;) was performed by a simple addition of the enzyme solution
(100 L of HRP solution 250 units/mL) on the reactor surface and
then left in the contact for 2 h at room temperature. At the end, the
reactor surface was gently washed with PBS solution (100 mM, pH
7.4).

In the self-assembled monolayer procedure the reactor sur-
face was pre-treated with a solution of thiol followed by covalent
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Fig. 1. Recycling flow micro-system for biocatalytic oxidation of phenols.

immobilization of the HRP enzyme (100 L of HRP solution 250
units/mL) through the disposable -NH, groups of the enzyme and
—COOH end-groups of the thiol chain. Therefore, the reactor was
immersed in a thiol solution (10 mg mL~! of 11-MUA) immediately
after the washing step. The contact time between the reactor gold
surface and the thiol solution was of 2 h (at room temperature).
Then, the reactor surface was washed with ethanol and dried to
remove the excess of thiol. In the next step, the ~-COOH terminal
groups of the thiol chain were activated by immersing the reac-
tor in 1 mL solution 50 mM NHS and 200 mM EDC. The activation
time was of 2 h. The addition of the enzyme solution to the reactor
surface represented last step and was achieved by careful disper-
sion of the HRP solution (100 wL of HRP solution 250 units/mL)
on the activated gold surface till the entire active area was cov-
ered with the solution. The system was left in contact over the
night at the refrigerator temperature. Then the enzyme supported
micro- and nano-patterns were incorporated in flow microreactors
(Fig. 1). Before to use the HRP-microreactor, the bioactive surface
was gently washed with PBS solution (100 mM, pH 7.4), in order
to eliminate the enzyme excess unspecific attached on the gold
surface. Microreactors M,—-Ms were prepared based on this immo-
bilization approach.

The microreactor active area (gold pattern) was regenerated
using an electrochemical (cyclic voltammetry) cleaning procedure
[40]. Firstly, the microreactor surface was washed several times
with 50mM KOH solution. Then, it was immersed in electro-
chemical cell containing 50 mM KOH solution and connected to
electrical circuit together with the reference and counter electrodes
(Ag/AgCl and Pt, respectively). Cell potential was swept from —200
to —1200mV (vs. Ag/AgCl) at 50 mV/s scan rate once. Then, the
gold surface was rinsed in Milli-Q water and the microreactor was
re-used in a new approach of HRP immobilization.

2.5. Evaluation of HRP content and activity on gold patterns

The amount of immobilized HRP was determined based on pho-
tometric procedure using bovine serum albumin as a standard [41].
The amount of the immobilized enzyme was calculated as the dif-
ference between the amount of the initial enzyme added on the
pattern surface and the enzyme amount recovered in the wash-
solution after enzyme immobilization. HRP activity was assessed
from the catalytic oxidation of pyrogallol with H, O, (0.1 mM pyro-
gallol and 3 mM H;,0,) by colorimetric estimation of the oxidized
product using a spectrophotometer UV-VIS Varian Carry Bio [42].
The colored reaction product was detected at 420 nm wavelength

with an extinction coefficient of pyrogallol of 2670 M~! cm~1. The
enzyme activity was calculated considering that one activity unit
represents the number of pyrogallol micromoles converted per
minute at pH 6 and 25°C.

2.6. Biocatalytic microreactor

The silicon wafers containing the above HRP-gold patterns in
pieces of 10 mm x 6 mm were incorporated in a flow microreactor
using the design described by Fig. 1. Then, the microreactor was
connected to a peristaltic pump (Gilson Minipuls 3, USA) through
PTFE tubing (0.5 mm i.d.) and corresponding fittings (Fig. 1). A mix-
ture of 1 mM phenols and 1 mM H;0, in 100 mM PBS (pH 7.4) was
carried out in recycling flow within the catalytic microsystem with
a flow rate of 100 wL min—!. The catalytic oxidation of phenols was
performed at room temperature for at least 24 h achieving mini-
mum 144 cycles with 1 min residence time per cycle.

Finally, the reaction volume was centrifugated at 4000 rpm for
40 min. The precipitate was washed with water, sucked dry on
a filter and analysed by NMR spectroscopy. The supernatant was
analysis using HPLC-UV/Vis technique. At the end of the exper-
iment, the microreactor was take out from the system, washed
carefully with PBS (100 mM, pH 7.4) and stored in PBS solution at
4°C. Asimilar procedure was used for the oxidation/polymerization
of hydroquinone, cathecol, 3-naphtol, resorcine, o-aminophenol,
p-aminophenol, 4-metoxyphenol, 2,6-dinitrophenol and 2,4,6-
tris(dimethyl-aminomethyl)-phenol.

3. Results and discussion
3.1. Pattern characterization

Fig. 2a shows SEM images of the gold micropatterns resulted
from the chemical vapor deposition. It resulted a continuous gold
structure at the border with gold grains inside (with an average size
around 30-40 nm). Deposition of gold on nano-patterns occurred
with the formation of the same continuous gold structure at the
border and, inside, with gold grains with a similar size (Fig. 2b).
The supported nano-pattern was 180.5 nm large and was covered
by nano-grains.

Micro/nano-patterns characterization has also been performed
based on STM measurements. Fig. 3 shows the 2D-STM images
collected on the gold nano-grains for both micro- (Fig. 3a) and nano-
patterns (Fig. 3b).In a good concordance with the SEM results, these
pictures demonstrate the deposition of the gold is leading to a ran-
dom metal deposition irrespective of the size of the patterns. The
thickness of the patterns also varied depending on the quantity of
the supported gold and on the size of the pattern. Accordingly, it
was larger for micropatterns than for nano-patterns.

3.2. Immobilization of HRP enzyme

The HRP-reactor surfaces obtained with both immobilization
approaches were characterized based on spectrophotometric tech-
nique. The experimental data showed that although the amount
of immobilized protein was higher when the enzyme was sim-
ply adsorbed compared to covalent immobilization (35 and
20 ng protein/mm?, respectively). When the enzyme was deposited
as monolayer on the microreactor surface, the immobilized HRP
was in the range 0.69-3.56 ng/mm?. It is known that the HRP molec-
ular dimension is of 6.2nm x 4.3nm x 1.2nm=L x [ x w [43] while
the exposed surface of the microreactor was 993.35 x 103 pm?.
Thus, the enzyme amount immobilized on the gold surface cal-
culated based on the experimental data was higher than the
theoretical enzyme amount (according to microreactor disposable
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Fig. 2. SEM pictures of gold (a) micro- and (b) nano-patterns.

area). All of those observations have driven to the conclusion that
HRP attached enzyme accounts for a multi-layer deposition. This is
in line with data previously reported [44]. In addition, the catalytic
performances of covalent immobilized enzyme were superior to
the attached by adsorption approach (58% and 34% activity yield,
respectively) that confirms indeed the model of the multilayer
attachment. Based on these observations it was easily to calculate
the turnover number (number of phenol molecules converted to
product per unit of time) of the enzyme immobilized using dif-
ferent methodologies. Accordingly, it was of 1.96 x 10s~! and
3.00 x 10651 for adsorption and covalent method, respectively,
that provides a more clear way to express the efficiency of two
methods. The difference can also be explained by the fact that
the covalent immobilization via self-assembled monolayer (SAM)
allows a better orientation of the enzyme on the microreactor sur-
face, while simple adsorption led to the agglomeration of enzyme
that may cause a blocking of the active sites. However, the enzyme
activity was substantially decreased in both cases.

The bioactive surface of the M; and M, microreactors has also
been investigated using AFM coupled with ellipsometry technique
(Fig. 4(a) and (b)). The attached images (Fig. 4) show cross-sections
in AFM on a 500 nm x 500 nm scale. Barring the occurrence of
aggregates, full coverage of gold of the films is observed, and the
cross-sections indicate the size of the structures present on the sur-
faces (proteins without and with 11-MUA thiol-layer for Fig. 4a
and b, respectively). Noticeably, the films without the thiol-layer
(i.e. protein adsorption Fig. 4a) exhibit a smaller height than those
prepared with pre-incubation of the thiol-layer (covalent attach-
ment of protein Fig. 4b), but in agreement with the size of the
proteins (ca. 3nm). Large aggregates are present on the surface
(as high as 60 nm) that appears to be completely covered (no bare
gold observed). Thus, both immobilization approaches led to a low
homogeneity of the immobilized HRP layer since protein aggre-
gates occurred. However, in agreement to spectrophotometric data,

the enzyme distribution seems to be more uniform for covalent
attachment than using the adsorption method [45].

Anchoring 11-MUA thiol on the gold patterns made difficult STM
identification of the surface gold atoms confirming a quite uni-
form deposition of these molecules. Further deposition of the HRP
enzyme, made even more difficult the identification of the gold
layer that represent an additional confirmation of a high coverage.

3.3. HRP-microreactor performance for phenols oxidation

The microreactors performance has been investigated in the
HRP oxidation of phenols. As it was mentioned above in the pres-
ence of the HRP enzyme the phenols suffer a oxipolymerization
leading to polymers with different molecular masses that are insol-
uble in aqueous medium [46,47]. They precipitate and can easily
be removed from the treated water body. 13C NMR spectra of the
resulted products confirmed such a behavior (Fig. 5).

The evolution of the oxidative process has been followed based
on the phenol conversion. The substrate diffusion under the opti-
mized continue-flow conditions (e.g. flow rate of the reaction phase
and reaction time) had no influence on the oxidation process. The
use of a non-porous support resulted to be advantageous compar-
ing with porous materials [44,48-50]. Also, minimized diffusion
effect is the pattern of the microfluidic device usually [35,51,52].
Thus, the rate of the oxidation process and default the HRP cat-
alytic activity can be attributed to the restricted multi-layer HRP
bioactive arrangement instead of diffusion limitation. However, the
consumption of H,0, does not directly indicate the efficiency of
the oxidation reaction, since H,0, is decomposed at room temper-
ature even in the absence of phenol. Thus, only 12.2% H,0, has
been recovered when 1 mM H;0, solution has been left at room
temperature for 24 h.

The evaluation of the phenol oxidation in the microreac-
tors showed different performances depending on both the gold

Fig. 3. 2D STM (scanning tunneling microscopy) images of the gold nanograins in (a) micro- and (b) nano-patterns.



M. Tudorache et al. / Journal of Molecular Catalysis B: Enzymatic 69 (2011) 133-139 137

25.0 nm

0.0 1: Height

25.0 nm

0.0 1: Height

1
500.0 nm

(b)

Fig. 4. Characterization of HRP (horseradish peroxidase) - microreactor surface
based on AFM (atomic force microscopy) technique (1- cross-section in AFM) cou-
pled with ellipsometry technique (2). (a) HRP immobilized via simple adsorption
and (b) HRP covalent immobilized via self-assembled monolayer.

loading and the procedure through which the enzyme has been
immobilized. Thus, although M; and M, had the same gold
content and the same area exposed to HRP immobilization
(993.35 x 103 wm?, see Table 1), the oxidation of phenols in these
microreactors led to different conversions. The conversion of
phenol was lower in the case of physical adsorption than for cova-
lent immobilization (5.2% vs. 7.6% phenol conversion for M; and
M,, respectively (Table 1)). These differences may support previ-
ous results reported in the literature showing the deposition of
enzymes on preorganized self-assembled monolayers provides a
better confinement of enzyme and preserves the activity compar-
ing to adsorption approach [53-56]. According to these studies, the
physical adsorption to link HRP molecule to a metal surface is not
an adequate strategy to generate a bioactive surface. Obviously it
induces a weak surface modification that generates conformational

150 120 90 60
{ppm)
Fig. 5. 13C-CP/MAS NMR spectra of poliphenols.
Table 1

Characterization of the HRP microreactors (the measurements were performed in
triplicates n=3).

Microreactor Thickness of Gold pattern HRP Phenol
gold pattern  area? immobilization conversion (%)
(nm) (103 wm?) approach
M; 217 993.35 Adsorption 5.20 £ 0.17
M, 217 993.35 SAM 7.60 £+ 0.59
M; 150 1313.29 SAM 9.20 £+ 1.05
My 130 1470.45 SAM 11.10 £ 1.12
M;s 98 1415.22 SAM 11.30 + 1.02

SAM - self-assembled monolayer.
2 The area of gold pattern exposed to HRP immobilization.

changes, denaturation of protein and uncontrolled packing density
of theimmobilized molecules leading to a steric congestion and also
an incompatibility of the substrate to reach the enzyme active sites
[56]. In opposite, the self-assembled monolayer approach prevents
this kind of incompatibility providing reproducible and reliable
platform to immobilized enzyme molecule with required orien-
tation and packing density leading to a better preservation of the
enzyme catalytic activity [54].

Under the investigated conditions, the conversion of phenol
using the microreactor My was higher as compared with the
microreactors M, and M3 prepared in similar way (i.e. HRP covalent
immobilization) (7.6, 9.2 and 11.1% phenol conversion for M, M3
and My, respectively, see Table 1). This behavior might be assigned
to the larger gold area of the M4 microreactor exposed to HRP
attachment (993.35 x 103, 1313.29 x 103, 1470 x 103 wm? immo-
bilization area for My, M3 and My, respectively, see Table 1). It is
important to note that this corresponds to the lowest gold pattern
thickness (the same gold amount was deposited onto the micropat-
tern for all of the microreactors) (Table 1).

Noteworthy, a similar phenol conversion to that measured using
My has been obtained with the Ms microreactor (i.e., 11.1% and
11.3% phenol conversion, respectively, Table 1). It must be specified
that the M4 microreactor incorporates a micro-gold pattern, while
M5 microreactor a nano-gold pattern. The enzyme deposition fol-
lowed the same methodology in both cases. These results confirm
the fact the extended surface/loading ratio exposed by the nano-
pattern is leading to a higher active pattern surface and hence to a
better efficiency. It results that the pattern nano-dimension allows
a better exposure of the enzyme active sites after immobilization.

To check the endurance of enzyme in these reactors, the HRP-
microreactor M, was tested in successive cycles (e.g. cycle I, II, III,



138

40 -
35
30
25
20
15
10

phenol conversion (%)

m

48
reaction time (hours)

I

24 72

phenol conversion (%)

M. Tudorache et al. / Journal of Molecular Catalysis B: Enzymatic 69 (2011) 133-139

| (b)

30 -

35

25

20

mtest|
15 4

10 testll

|

24

| B

ag
reaction time (hours)

B

72

Fig. 6. Improving the phenol conversion by refreshing the H,0, content of the reaction mixture. The experiments (test I and II) have been performed using (a) M; and (b)
M; microreactors. Conditions: initial reaction mixture of 1 mM phenol and 1 mM H,0, solution in 100 mM PBS (pH 7.4), temperature of 25 °C, reaction time of 72 h, and no
H,0, addition during the reaction time and 5 L solution of 1 M H,0, added two times after each 24 h of reaction for test I and II, respectively.

etc.) looking for preservation of the enzyme activity in this reaction.
Noteworthy after the first two cycles the conversion was identi-
cal (7.6 and 7.7% for cycle I and II, respectively). Only after the
third cycle a depletion of the activity with 15% (5.7% conversion
for cycle III) has been observed. This could be explained based
on HRP inhibition caused by H,0, and phenoxy radicals action.
Then, the microreactor surface was electrochemically regenerated
and re-used for another HRP immobilization step with good repro-
ducibility according to biocatalytic performances of the bioreactor
(5.3% RSD of phenol conversion calculated for n=3). This is a good
evidence of the fact that this enzyme can be immobilized in such
microreactors and can be reused without a dramatic lose of the cat-
alytic activity at least for several cycles. This behavior is also related
to the manner in which the enzyme has been deposited.

The oxidation of phenols in the M; and M, HRP-microreactors
has also been tested in two additional tests: I, in which the reaction
mixture of 1 mM phenol and 1 mM H,0, (initial concentrations)
was re-cycled through the reactor for 72 h, and II, in which the H, 0,
content of the reaction mixture was refreshed after each 24 h by
adding 5 pLof 1 M H;, 0, solution in the reaction flow; following this
procedure two H,0, additions were performed over the reaction
time (72 h). The experimental results were plotted in Fig. 6(a and
b) showing interesting conclusions.

In the test I, for the concentration has been used, the phenol
consumption was almost completed after 24 h. The prolongation
of the reaction time was not accompanied by an increase of the
phenol conversion neither after 48 h nor after 72 h, surprisingly.
However, an increased phenol conversion was determined after
refreshing H,0, content of the reaction phase. Thus, following this
procedure the total phenol conversion increased comparing with
the test I from 5.6 to 21.4% for M; microreactor, and 8.7-35.1%
for M, microreactor (Fig. 6a and b, respectively). All of the mea-
surements were performed in triplicated with relative standard
deviation value corresponding to the range of 3.57-15.91%.

From the practical point of view the use of the microreactor
approach is leading to a greater extent of phenol oxidation com-
paring with that can be achieved under batch conditions (i.e., 11
and 20% conversion under batch system conditions for reactors pre-
pared using adsorption and covalent approach, respectively). Such
a conclusion is also valid for the case of M; microreactor where
the immobilization of enzyme is less effective. More probably this
approach avoids the accumulation of the inhibitor products on the
HRP-enzyme.

These biocatalytic systems were also tested for the oxidation
of several other phenolic compounds, such as hydroquinone,
cathecol, 3-naphtol, resorcine, o-aminophenol, p-aminophenol,
4-metoxyphenol, 2,6-dinitrophenol and 2,4,6-tris(dimethyl-

Table 2
HRP-catalytic oxidation of phenolic compounds (the measurements were per-
formed in triplicates n=3).

Phenolic compound Conversion (%)

Phenol 7.60+0.59
Hydroquinone 7.52+£1.05
Cathecol 2.36+0.47
Rezorcine 7.54+0.23
3-Naphtol 7.49+1.09
o-Aminophenol 7.03+0.55
p-Aminophenol 6.85+1.11
4-Metoxyphenol 4.03+0.22
2,6-Dinitrophenol 0

2,4,6-Tris(dimethyl-aminomethyl)-phenol 0

aminomethyl)-phenol.  Except catechol, 4-metoxyphenol,
2,6-dinitrophenol and 2,4,6-tris(dimethyl-aminomethyl)-phenol
the conversions were very similar to that of phenol (Table 2)
demonstrating the system flexibility for applying to phenol com-
pounds class. The system versatility could be explained based
on the selectivity of the HRP enzyme for phenol and phenolic
derivatives monosubstituted with hydroxyl and amino group in
orto/para position. Polymerization products have been obtained
only for hydroquinone, cathecol, -naphtol and o/p-aminophenol.

4. Conclusion

Intrinsically there are no differences between micro- and
nano-lithographic gold patterns versus the immobilization of
the HRP-enzyme. Using nano-patterns allows the immobiliza-
tion of higher loadings of enzyme for a smaller amount of gold
that increases the efficiency of the immobilized self-assembled
monolayer for the biooxidation of phenols. The HRP-microreactor
performances are the consequence of the design and composition
of the microreactor pattern (i.e., down scale of the gold pattern
dimensions at micro-/nano-level and preserved catalytic activity
of the immobilized HRP on the pattern surface). The immobi-
lized enzymes maintained active for several reaction cycles just
by intermediate washing with PBS. These experiments confirmed
that the immobilization of the enzyme allows the biocatalyst to sur-
vive longer under the process conditions, making the biocatalyst
reusable. Another advantage of the system is the fact the microre-
actor active area can be easily regenerated using an electrochemical
cleaning procedure that allows the re-use of microreactor with
similar performances for enzyme immobilization. Furthermore, the
performances of the developed biocatalytic system allow consid-
ering its extension as lab on chip device to biosensor field as future
perspective.
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