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ABSTRACT: Titanium dioxide (TiO2) is a unique material for biosensing applications due to its capability of hosting enzymes. 
For the first time we show that TiO2 can accumulate reactive oxygen species (ROS) under daylight irradiation and can support 
the catalytic cycle of horseradish peroxidase (HRP) without the need of H2O2 to be present in the solution. Phenolic 
compounds, such as hydroquinone (HQ) and 4-aminophenol (4-AP), were detected amperometrically in flow-injection 
analysis (FIA) mode via the use of an electrode modified with TiO2 impregnated with HRP. In contrast to the conventional 
detection scheme, no H2O2 was added to the analyte solution. Basically, the inherited ability of TiO2 to generate reactive 
oxygen species is used as a strategy to avoid adding H2O2 in the solution during the detection of phenolic compounds. Electron 
paramagnetic resonance (EPR) spectroscopy indicates the presence of ROS on titania which, in interaction with HRP, initiate 
the electrocatalysis towards phenolic compounds. The amperometric response to 4-AP was linear in the concentration range 
between 0.05 and 2 µM. The sensitivity was 0.51 A M-1 cm-2 and the limit of detection (LOD) 26 nM. The proposed sensor 
design opens new opportunities for the detection of phenolic traces by HRP-based electrochemical biosensors, yet in a more 
straightforward and sensitive way following green chemistry principles of avoiding the use of reactive and harmful chemical 
such as H2O2.

Applications of titanium dioxide (TiO2) as a photocatalyst 
1-3 or catalyst support 4-6 have attracted wide interest over 
the last decade. More recently, significant attention has 
been paid to the enhancement and/or extension of the 
optical absorption properties of TiO2 to improve its overall 
activity.7-11 Indeed, for specific applications it is important 
to improve the optical absorption of titania for 
photocatalysis. However, solar daylight can provide 3 to 5% 
of its radiation intensity within the absorption spectral 
range of titanium dioxide.12 Since the energy of the incident 
photons and less their intensity is of interest for 
photocatalysis, even ordinary room light may be sufficient 
to excite titania.1 Thus, in a well-lit lab, with a total light 
intensity of ∼10 μW cm−2, the intensity of UV light with 
energy exceeding that of the TiO2 band gap would be 
approximately 1 μW cm−2.1 Therefore, it is not required to 
use UV light to activate titania. The electrons and holes 
generated under ordinary room light can produce radical 
species after reaction with water and oxygen.13 Hydroxyl 
radical •OH, hydroperoxyl radical •OOH and superoxide ion 
radical •O2

- are commonly produced reactive species, which 

participate in the reduction and oxidation reactions and 
may act as oxidants.14

Next to its ability to generate reactive species to a certain 
extent, (mesoporous) TiO2 has good biocompatibility and 
stability 15,16 and therefore, it is a suitable material to 
immobilize biomolecules.17,18 TiO2-based enzymatic sensors 
for the determination of phenolic compounds usually 
comprise tyrosinase 19-21, peroxidase 22-25 or laccase 26-29 
enzymes. The working principle of these biosensors is 
based on the redox cycling of a biocatalytic oxidation 
product of an analyte and the following electrochemical 
reduction.30 Hydrogen peroxide (in case of peroxidases) or 
oxygen (in case of laccase or tyrosinase) plays the role of an 
ultimate electron acceptor that continuously regenerates 
the reactive form of the enzyme.31 Horseradish peroxidase 
(HRP) is advantageous for developing phenolic biosensors 
due to its high catalytic activity towards a broad range of 
phenols 31,32, but the need of H2O2 in the solution 
complicates the analysis and increases background noise.33 
Therefore, a hydrogen peroxide-less HRP-based biosensor 
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would create the anticipated solution with important 
benefits in sensitivity for the detection of phenols.

Herein we use the inherited ability of TiO2 to generate 
reactive oxygen species as a strategy to avoid adding H2O2 
in the solution during the detection of phenolic compounds. 
We implement this strategy in flow-injection analysis (FIA) 
because of comparatively short contact time of the sample 
with the electrode surface and enhanced mass transport in 
a wall-jet flow cell during amperometric measurements.34,35 
In contrast to our previous studies on analysis of phenols at 
a TiO2-HRP modified electrode 23, the sensor in this work 
can be used as prepared and it does not require any H2O2 
neither for activation nor operation and it follows green 
chemistry principles of avoiding the use of reactive and 
harmful H2O2. This is advantageous to all previously 
described HRP-based sensors for phenols.

EXPERIMENTAL SECTION
Materials
Hydrogen peroxide (H2O2), nafion 117 (5% in a mixture 

of lower aliphatic alcohols and water), potassium chloride 
(KCl), 4-aminophenol (4-AP), and potassium phosphate 
monobasic (KH2PO4) were purchased from Sigma-Aldrich. 
Hydroquinone (HQ) was obtained from Acros, TiO2 
(Millennium PC500, mesoporous anatase) from Crystal 
Global (prior to use, the TiO2 was calcined to 450 °C to 
enlarge its pore size).36 Horseradish peroxidase (HRP) (EC 
1.11.1.7) with the activity of 293.0 U/mg was purchased 
from Calbiochem. 10 mM KH2PO4 phosphate buffer and 0.1 
M KCl solution (pH 7.0) was used as supporting electrolyte. 
The spin trap 5-(diethoxyphosphoryl)-5-methyl-l-pyrroline 
N-oxide (DEPMPO) was purchased from Focus 
Biomolecules. SBA-15 materials with different pore sizes 
were synthesized using the amphiphilic triblock copolymer 
P123.37 The phosphate buffer solution was set to pH 7.0 
using NaOH solution. All reagents were used without 
further purification and all solutions were prepared with 
deionized water. 

Apparatus
A double line flow-injection system with a three-

electrode wall-jet flow-through cell made of plexiglas 38 
(Figure S1) was used for the amperometric detection of 
phenols. A peristaltic pump (Perkin-Elmer, France) 
propelled the phosphate buffer (pH 7.0) as the carrier into 
the flow line using Tygon tubing (1 mL/min flow rate). A 50 
µL sample solution containing substrate (phenolic 
compounds) was injected into the carrier stream via a 
omnifit labware (Diba) manual sample-injection valve 
(USA). The flow line was made from Teflon tubing (0.75 mm 
i.d. and 1.59 mm o.d.). A HRP-TiO2 modified graphite 
electrode, an Ag/AgCl (0.1 M KCl) electrode, and a platinum 
wire were used as the working, reference, and auxiliary 
electrodes, respectively. Electrochemical measurements 
were carried out using a PalmSens potentiostat (Utrecht, 
The Netherlands) with PSTrace software (version 5.3). 
Electrochemical measurements were performed at room 
temperature. The amperometric measurements were 
repeated four times for each concentration. For EPR 
measurements, X-band (~9.44 GHz) continuous-wave (CW) 
EPR analyses were performed on a Bruker ESP300E 

spectrometer equipped with a liquid Helium cryostat 
(Oxford Inc.). The room-temperature EPR spectra (single 
scan) were recorded with a modulation amplitude of 0.1 
mT, microwave power of 10 mW, receiver gain of 2 x 105. 
The low-temperature EPR spectra were recorded at 10 K, 
with a modulation amplitude of 0.5 mT and a microwave 
power of 0.5 mW. For both experiments a modulation 
frequency of 100 kHz is applied. A vacuum pump was used 
during the low temperature experiments to remove 
paramagnetic oxygen from the sample. In-situ illumination 
was done with a MGL-III-532 green DPSS laser and a MDL-
III-447 violet blue diode laser. The EPR spectra are 
simulated using the MATLAB toolbox Easyspin.39

Modification of the electrode
The procedure for immobilizing HRP in mesoporous TiO2 

is reported in our previous work.23 The HRP-containing 
TiO2 material is abbreviated as TiO2-HRP. A rod of 
spectroscopically pure graphite (diam. 3.05 mm, SPI, 
Belgium) was modified by drop-casting a suspension (5 µL) 
containing TiO2-HRP (10 mg/mL) and nafion (0.05%). The 
electrode was dried at room temperature in the dark for 
approximately 1 h. The electrodes are abbreviated as 
Graphite|TiO2-HRP. The electrodes not containing HRP are 
denoted as Graphite|TiO2.

RESULTS AND DISCUSSION
Graphite|TiO2-HRP with and without H2O2 in the flow 

for monitoring hydroquinone
HRP catalyses the oxidation of organic substrates, such as 

phenolic compounds, by H2O2 and it can be employed in the 
amperometric analysis of phenols.25,40,41 However, the 
addition of H2O2 results in continuous background drift, 
increased background noise and fluctuation. The problem 
can be partially solved by generation of H2O2 in flow using a 
flow reactor with glucose oxidase and glucose as a stable 
molecule that leads to the formation of hydrogen peroxide 
in-situ in the flow when passing the reactor.42 This solves 
the problem with long term stability of H2O2 but cannot 
solve issues related to the increased background current 
and noise since the excess of H2O2 is still present in the 
working solution.

In this work we evaluate the analytical performances of a 
Graphite|TiO2-HRP electrode in a wall-jet flow cell of a FIA 
system for detection of phenols in the presence and absence 
of H2O2 in the cell solution. To minimize the artefacts from 
possible fluctuations in H2O2 concentration during the 
injection of a sample, we used a two channel pump that 
mixes a carrier flow with the buffer containing H2O2 as 
shown in Figure 1a. This scheme maintains exactly the same 
concentration of H2O2 during the analysis but dilutes the 
sample twice and increases twice the flow rate due to 
combining two flows of the same flow rate. By simple 
replacement of the H2O2 buffer solution by pure buffer we 
can compare the behaviour of the system with (Figure 1a) 
and without (Figure 1b) H2O2 in the flow, keeping all other 
parameters unchanged.

Notice that the scheme in Figure 1b is identical to the FIA 
with one channel (Figure S2) pumped with a double speed 
and double diluted injected sample (which would be the 
simplest possible configuration for functioning FIA, if H2O2 
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is not needed). However, we kept the FIA scheme as shown 
in Figure 1 for accurate comparison between 
measurements in the presence and absence of H2O2. On the 
contrary, the use of the scheme with two channels (Figure 
1a) is necessary in the presence of H2O2 to avoid 
fluctuations in H2O2 concentration during injections that 
would result in artefacts as shown in Figure S3.

Figure 1. Schematic of the flow-injection system in the presence 
(a) and absence (b) of H2O2 in the carrier stream.

Calibration curves for the detection of HQ were 
constructed for these two possible FIA configurations 
(Figure 2). In the low concentration range (0.15 µM-5 µM), 
Graphite|TiO2-HRP electrodes did retain the sensitivity to 
HQ and, even more, showed almost double increase in 
sensitivity from a value of 0.18 A M-1 cm-2 in the presence of 
H2O2 to a value of 0.31 A M-1 cm-2 in pure buffer (in the 
absence of H2O2). However, in the absence of H2O2 (Figure 
S4), the current-concentration profile (Figure 2) reaches a 
constant value already at 5 µM while it stays near linear till 
100 µM in the presence of H2O2 (Figure S5) in the cell 
solution. This limits the performance of Graphite|TiO2-HRP 
electrodes in the absence of H2O2 by the lower 
concentration range of hydroquinone, i.e. below 5 µM. This 
is not a critical limitation for developing a sensor since the 
sub-µM concentration range is the region of interest for the 
detection of phenolic contaminants. The limits of detection 
(LOD) were 0.2 µM and 0.33 µM of HQ by taking into account 
the dilution factor for the flow setup in the absence and 
presence of H2O2, correspondingly. 

Figure 2. Calibration curve of a Graphite|TiO2-HRP electrode 
with 1 mM H2O2 in the flow (black) and without 1mM H2O2 in 
the flow (red) for (A) low HQ concentrations (0.15 µM- 5 µM) 
and (B) high HQ concentration (µM). Applied potential, -0.1 V 
vs. Ag/AgCl. Flow rate, 1 mL/min.

To confirm the biocatalytic role of HRP in the detection of 
HQ in the absence of H2O2, Graphite|TiO2 and Graphite|TiO2-
HRP electrodes were compared in the same conditions 
(Figure S6). Only minor responses comparable to the 
background noise were measured at Graphite|TiO2 
electrode in the range of 1-5 µM HQ with a current of 1.4 nA 
for 5 µM HQ, whereas the response at Graphite|TiO2-HRP 
electrode was 83 times higher in the same conditions. The 
significant difference in the sensitivity clearly shows that 
the signal is specific to the HRP-catalyzed process.

Besides the improved analytical performances of 
Graphite|TiO2-HRP electrodes in the absence of H2O2, an 
interesting question rises regarding chemical reactions that 
support the HRP redox catalysis at TiO2 surface in the 
absence of H2O2. Obviously, the oxidation of HQ catalysed by 
HRP, requires a second co-reactant, i.e. H2O2. But in the 
absence of H2O2 added in the solution, reactive oxygen 
species (ROS) that are created on the surface of TiO2 at 
ambient conditions, may act as the sacrificial oxidant or 
eventually transform into some amount of H2O2, which 
happens near the site of the enzyme location. EPR studies 
can clarify details about the appearance of reactive oxygen 
species on titania.

CW-EPR characterization
Photoexcitation of TiO2 generates electron-hole pairs 

which results in conduction-band electrons and valence-
band holes. This charge transfer generates paramagnetic 
species, which can be detected by EPR. The conduction-
band electrons can be trapped on diamagnetic Ti4+ sites to 
form paramagnetic Ti3+ centres. Holes trapped at localised 
oxide ions O2- result in the formation of O- centres. Surface 
Ti3+ centres can interact with O2 leading to superoxide, O2

-

.43-45 In turn, surface O- centres can form O3
- after interaction 

with O2. In addition, Ti3+ sites can also react with O2 and H2O 
to form radicals such as •OOH (derived from superoxide) 
and •OH. Although many reactions are possible with O2 at 
the surface, the formation of O2

- and •OOH is 
thermodynamically the most favourable.44 These surface 
reactive oxygen species (ROS) can then rapidly react with 
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other molecules, such as proteins present on the titania 
surface. In this paper, two approaches are applied for the 
detection of these radicals via EPR. One way is the use of 
nitrone-based spin traps to trap short-living free radicals 
with life times at room temperature too short to detect with 
EPR. By reaction of these radicals with the spin traps, 
radical spin adducts with longer half-life are formed. The 
spin trap 5-(diethoxyphosphoryl)-5-methyl-l-pyrroline N-
oxide (DEPMPO) is used as a probe for oxy radical formation 
on the TiO2 surface.46  The reaction with O2

- results in the 
spin adduct DEPMPO-•OOH which is more persistent than 
spin adduct of other traps.46 In this study, PC500 Millenium 
TiO2 powder (only anatase as crystal phase) is used for the 
electrode modification. TiO2 powder is suspended in a 
water solution of DEPMPO and measured at room 
temperature before and during illumination with green 
light (532 nm) or blue light (447 nm) to understand the 
effect of the visible part of daylight on TiO2 (Figure 3). 

Figure 3. Room-temperature X-band EPR spectra of a 
suspension of TiO2 in an aqueous solution of DEPMPO before 
(blue) and during (black) illumination (A) at 532 nm and (B) at 
447 nm. The corresponding simulation of the black spectrum is 
shown as a dashed line (red) (the simulated spectrum is shown 
shifted versus the experimental data to allow better spectral 
comparison).

After two minutes of irradiation the EPR signal intensity 
increases significantly, revealing the formation of a spin-
trapped radical. The EPR spectrum can be  simulated with g 
= 2.0056 and nitrogen, phosphorous, ß- and ɣ-proton 
hyperfine-coupling constants: aN = 1.332 mT, aH

ß =  1.1166 
mT, aP = 4.710 mT and aH 

ɣ  0.07 mT ( 0.02), which is 
typical for the DEPMPO-OOH radical, proving that 
superoxide has been spin trapped.46-48 Even though the 
band gap of titania materials lies in the UV region, a 
considerable effect is observed when using visible light. The 
UV-Vis DR spectra seem to indicate no absorption at 447 
and 532 nm (Figure S7). The fact that the PC500 Millenium 
titania produces significant amounts of superoxide during 
green and blue light illumination may be due to the use of a 
laser (high light intensity), the presence of a transition-

metal ion contamination in the TiO2 batches (e.g. Fe3+) or the 
calcination process that induces different defect sites that 
act as electron acceptors in the band gap. UV-Vis DR may not 
be sensitive enough to detect the presence of a limited 
amount of these sites. A similar effect of visible light 
illumination has been observed previously for other 
titania.49 

Figure 4. X-band EPR spectrum of the subtraction of the EPR 
spectrum before illumination from the EPR spectrum during 
illumination at 532 nm (light-dark) of a) PC500 Millenium TiO2 
powder, b) PC500 Millenium TiO2 powder in HEPES buffer pH 
7 and c) TiO2-HRP powder in HEPES buffer pH 7 measured at 
10 K. The dashed lines show the corresponding simulation 
using the parameters in Table S1. The blue vertical dashed line 
indicates the g = 2.00 position.

As the second detection strategy, EPR spectra of the TiO2 
powders and their suspensions are measured at low 
temperature (10K) without the addition of a spin trap. This 
is to verify that the DEPMPO spin trap is not responsible for 
side reactions resulting in the formation of O2

-. At low 
temperatures the stability of the photo-induced ROS is 
increased making them EPR detectable. The EPR spectrum 
of TiO2 powder recorded at 10 K in dark reveals the 
presence of a stable radical with a clear g value around 
2.001 (Figure S8b). It is possible that a carbon-containing 
radical (such as CO2

-) is present due to insufficient 
calcination. When the material is dispersed in buffer 
solution, these signals largely disappear, showing that they 
mainly stem from surface centers that can react with the 
buffer molecules and/or are washed off the surface (Figure 
S8a). In a next step, different TiO2 samples are illuminated 
at low temperature with green light (532 nm, Figure 4 and 
S9) or blue light (447 nm, Figure S10) for 30 minutes to 
understand the effect of the visible part of daylight on TiO2. 
Measurements are done for the PC500 Millenium TiO2 
powder, a suspension of the TiO2 powder and of the TiO2-
HRP powder, the latter two suspensions in HEPES buffer 
(pH 7).  In all cases, illumination leads to the appearance of 
an intense axial signal with g⊥ = 1.9895 and g∥ = 1.959, that 
can be ascribed to anatase bulk Ti3+ centers .50-52 An 
additional smaller Ti3+-related EPR signal is also observed 
in the samples without HRP (g⊥ = 1.9966 and g∥ = 1.981). 
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Moreover, a light-induced broad EPR feature occurs around 
g = 1.93 in line with the presence of Ti3+ surface sites in a 
disordered environment (Figure S11).53,54

Moreover, illumination induces different EPR signals in 
the spectral region g ≥ 2.  These signals can be assigned to 
organic radicals.44,45,55-59 Table 1 gives an overview of the 
detected EPR contributions of these radicals observed in the 
TiO2 powders and suspensions and their tentative 
assignment. A more detailed description is given in the 
supplementary material. A significant fraction of the light-
induced EPR signals can be attributed to formation of 
superoxide at different surface sites. For O2

-, the gz value is 
very sensitive to changes in the crystal field due to different 
local coordination on the Ti4+ centers.58,60 The observation 
of signals at g values larger than 2.02 unambiguously proves 
the presence of superoxide radicals. 
Table 1. g values of the radicals observed on the PC500 
TiO2 surface.

gz gy gx Tentative 
assignment

Illumination at 532 nm

TiO2 
powder

2.0350
± 0.0050
2.0248
± 0.0005
2.0060
± 0.0015

2.0120
± 
0.0030
2.0096
± 
0.0003
2.0045
± 
0.0005

2.0025
± 0.0010
2.0015
± 0.0010
2.0030
± 0.0015

O2
-/•OOH

O2
-

 or C-centered 𝑉•
𝑜

radical

TiO2 
suspension 

2.0257
± 0.0005

2.0096
± 
0.0003

2.0010
± 0.0010

O2
-

Illumination at 447 nm

TiO2 
powder

2.0230
± 0.0010
2.0330
± 0.0010
2.0580
± 0.0050
2.0175 
± 0.0005
2.0060
± 0.0015

2.0096
± 
0.0010
2.0124
± 
0.0010
2.0120
± 
0.0020
2.0130
± 
0.0010
2.0045
± 
0.0005

2.0015
± 0.0010
2.0025
± 0.0010
2.0030
± 0.0020
2.0040
± 0.0010
2.0030
± 0.0015

O2
-

O2
-

O2
- (?)

O3
-

 or C-centered 𝑉•
𝑜

radical

TiO2 
suspension 

2.0260
± 0.0003

2.0110
± 
0.0002

2.0030
± 0.0002

O2
-

The presence of O2
- and its protonated form •OOH can lead 

to the formation of H2O2 on the hydroxylated TiO2 surface, 
because the superoxide radicals can react with surface 
hydroxyl groups at the TiO2 surface. The formed •OOH 
radicals can dimerise to form H2O2, which is EPR silent.61 

Low-temperature illumination of the TiO2-HRP system in 
HEPES buffer reveals again a light-induced response, 
although the EPR signal of the oxygen-centred radicals is 
now very broad, indicative of the presence of different 
radicals making it difficult to simulate accurately (Figure 4c, 
signal indicated with asterisk and Figure S10c). These 
experiments are also repeated with the addition of HQ, 
showing analogue results (Figure S12). As a control HRP 
was incorporated in a porous silica material (SBA-15), here 
called HRP-SiO2. The EPR spectra of HRP-SiO2 measured 
before, during and after illumination showed only an 
intensity difference due to slight detuning in the EPR cavity 
during illumination, but no spectral changes due to radical 
formation (Figure S13A). This confirms the unique 
formation of superoxide in the titania-based systems.

 In the low-field area of the EPR spectra of HRP-TiO2, the 
high-spin (HS) components of the ferric forms of HRP are 
clearly visible (Figure S14).62 It is known that the HS forms 
of peroxidases are sensitive to the environment, resulting in 
different HS components in SiO2 and TiO2 (Figures S13B and 
14).63 Illumination with green and blue light causes a slight 
decrease in intensity of these HS signals, which is largely 
restored after switching off the laser. Since the same effect 
is observed for HRP-SiO2 (Figure S13B), a light-induced 
detuning of the EPR set-up is most likely. Green light is 
absorbed by the ferric HRP inducing electronic transitions 
(Q-bands of the absorption spectrum). 

Effect of working potential
The effect of working potential on the sensitivity of 

Graphite|HRP-TiO2 was studied in the range from +0.2 to -
0.4 V in a solution containing 10 µM HQ (Figure 5). The 
response of a Graphite|TiO2-HRP electrode proportionally 
increases as the applied potential shifts towards more 
negative values, reaching a plateau at -0.2 V. At more 
negative potential values, the electrochemical reduction of 
molecular oxygen contributes considerably to the response 
of the phenolic compound and it may cause a slow 
irreversible deactivation of adsorbed HRP. A low 
background current and no influence of oxygen reduction 
motivates the selection of a working potential of -0.10 V.

Figure 5. Influence of the applied potential on the 
amperometric response of 10 µM HQ at Graphite|HRP-TiO2 in 
10 mM phosphate buffer (pH 7.0) containing 0.1 M of KCl. Flow 
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rate, 1 mL/min. inset: changes in the background current upon 
applying different potentials.

Applicability of our system
To explore the applicability of the electrode for on-site 

detections, the amperometric response to 4-aminophenol 
(4-AP) was measured at E= -0.10 V (Figure S15). As shown 
in Figure 6, the calibration plot for HRP-TiO2 is linear in the 
sub-micromolar concentration range starting to deviate 
from linearity at 0.5 µM and leveling off above 10 M. The 
sensitivity was 0.51 A M-1 cm-2 in the low-concertation 
range; and the limit of detection (LOD) was 26 nM 
calculated as 3 × standard deviation of blank/slope 
calibration curve. The LOD for 4-AP in the present work is 
at least four times lower than the reported LOD in the 
literature for other biosensors in flow system (Table 2) 
which shows favourable analytical performance of our 
electrochemical biosensor. 

Figure 6. Calibration plot obtained for 4-AP at Graphite|TiO2-
HRP operated without H2O2. Inset: lower 4-AP concentration 
range. Applied potential, -0.1 V vs. Ag/AgCl. Flow rate, 1 
mL/min.

Table 2. Comparison of the limit of detection for 4-
aminophenol using flow injection analysis.

Method LOD (µM)

This method 0.026

Flow system combined with a glucose 
oxidase-mutarotase reactor in the presence 
of H2O2 42

0.1 ± 0.01

Flow system combined graphite electrodes 
modified with laccases 64

0.39

Flow system combined graphite electrodes 
modified with laccases 65

 

0.37

Flow system with spectrophotometric 
detection 66

10

Flow system using chemiluminescence 
detection 67

17.6

HPLC 68 3

In order to test the practical application of the proposed 
sensor, TiO2-HRP was used for the detection of 4-AP in river 
water. Prior to the analyses, the river water was filtered 
through a 0.2 µm PES membrane and spiked with 0.05, 0.1 
and 0.2 µM 4-AP. During flow-injection analysis the samples 
are diluted twice by buffer in the mixing coil. The recovery 
values were calculated using a calibration curve obtained in 
deionized water in the same concentration range of 4-AP at 
the same sensor. The recovery was (106 ± 11)%, (96 ± 11)% 
and (65 ± 6)% for 0.05, 0.1 and 0.2 µM 4-AP, respectively. 
The high recovery values, especially for the low 
concentrations, demonstrate the viability of the suggested 
detection method for real sample analysis.

CONCLUSIONS
For the first time, we used the inherited ability of TiO2 to 

generate reactive oxygen species as a strategy to avoid 
adding H2O2 in the solution during the detection of phenolic 
compounds. In general, horseradish peroxidase (HRP) 
needs H2O2 as an oxidant in the reaction mechanism. It was 
found that Graphite|TiO2-HRP electrodes perform better in 
the absence of H2O2 than similar electrodes in the presence 
of 0.5 mM H2O2 in the flow (sensitivity to HQ was 1.7 times 
higher). The possibility to operate in H2O2 free buffer was 
caused by the presence of reactive oxygen species (ROS) at 
the surface of TiO2. At the optimum conditions for HQ, the 
electroanalytical behaviour of Graphite|TiO2-HRP for 4-
aminophenol (4-AP) was studied and compared with 
reported data related to 4-AP in literature by using flow 
injection analysis. This work opens new opportunities for 
HRP based sensors functioning without H2O2 and capable to 
measure phenols in the sub-µM concentration range by flow 
injection analysis.
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