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Abstract  

Titanium dioxide (TiO2) is a popular material as host matrix for enzymes. We now evidence 

that TiO2 can accumulate and retain reactive oxygen species after treatment by hydrogen 

peroxide (H2O2) and support redox cycling of a phenolic analyte between horseradish 

peroxidase (HRP) and an electrode. The proposed detection scheme is identical to that of second 

generation biosensors, but the measuring solution requires no dissolved H2O2. This significantly 

simplifies the analysis and overcomes issues related to H2O2 being present (or generated) in the 

solution. The modified electrodes showed rapid stabilization of the baseline, a low noise level, 

fast realization of a steady-state current response, and, in addition, improved sensitivity and 

limit of detection compared to the conventional approach, i.e. in the presence of H2O2 in the 

measuring solution. Hydroquinone, 4-aminophenol, and other phenolic compounds were 

successfully detected at sub-M concentrations. Particularly, a linear response in the 

concentration range between 0.025 and 2 M and LOD of 24 nM was demonstrated for 4-

aminophenol. The proposed sensor design goes beyond the traditional concept with three 

sensors’ generations offering a new possibility for the development of enzymatic sensors based 

on peroxidases and the formation of ROS on titania after treatment with H2O2. 

Keywords: Horseradish peroxidase; Titanium dioxide; Hydrogen peroxide; Hydroperoxyl 

species; Bioelectrochemistry 
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1. Introduction 

Given the importance of water to all life forms, the presence of pollutants in water has garnered 

considerable attention. Recent methodologies in contaminants identification have designated 

phenols as priority pollutants [1, 2] and international regulatory organizations have set strict 

discharge limits for phenols [3]. Therefore, there is an urge for robust, easy-to-operate, and low-

cost sensors to monitor and detect phenolic contaminants. 

Numerous enzymatic biosensors have been suggested to detect phenolic compounds [4-8]. 

Among others, peroxidases, e.g. horseradish peroxidase (HRP), are favourable enzymes in such 

sensors due to a high catalytic activity towards a wide range of phenolic substrates [8-13]. 

However, HRP requires hydrogen peroxide (H2O2) as a co-substrate that plays the role of a 

sacrificial electron acceptor in the sensing mechanism for phenols. The addition of H2O2 

complicates the analysis and increases the background noise because H2O2 is essentially 

electroactive and it contributes to the background current [14]. Therefore, the catalytic 

oxidation of phenolic compounds with a HRP-based biosensor in the presence of H2O2 is 

challenging. Thus, it is of significant interest to develop a hydrogen peroxide-less HRP based 

biosensor for the detection of phenolic compounds. 

A few ideas were developed to avoid adding H2O2 during analysis by HRP-base biosensors. 

Munteanu et al. [15] suggested generation of H2O2 in flow by glucose oxidase in the presence 

of oxygen and glucose which are long-term stable. This offers a more gentle way to introduce 

H2O2 but cannot solve the issue of an increased background current and noise. Other works 

explored usage of phenol oxidases (mostly laccase and tyrosinase) as alternative biocatalysts 

and focused the efforts on improving the sensor sensitivity by adding conductive nanomaterials 

and optimizing the enzyme immobilization on the composite layers [16-18]. An interesting 

strategy was describe by Chang et al [19], who prepared a tyrosinase-peroxidase bi-enzyme 

sensor that does not require the exogenous addition of H2O2 due to simultaneous generation of 

H2O2 at the electrode surface in two-electron reduction at potentials lower than −50 mV versus 

Ag/AgCl. However, we have never observed noticeable catalytic currents in the absence of 

H2O2 at the same potentials when we immobilized HRP on screen printed electrodes in a thin 

nafion® film or within mesoporous materials likely because of slow oxygen reduction kinetics 

at our electrodes. Moreover, to our best knowledge, no publications reported the same behavior, 

which may mean that a specific electrode modification and electrode materials in work [19] 

could influence the results by unknown mechanism. In this work, we elaborated a completely 
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novel strategy to avoid addition of H2O2 based on the unique properties of titanium dioxide 

(TiO2) to accumulate reactive oxygen species and play the role of hosting matrix for HRP.   

Over the past two decades, TiO2 based catalysts have received much attention for their 

applications [20], mainly because it is an environment-friendly material with good 

biocompatibility and stability [21, 22]. It has been shown that TiO2 can adsorb and stabilize 

enzymes including HRP for the usage in removal and detection of phenolic pollutants [23, 24] 

that may occur in medical, food and environmental matrices [25]. It has been known for many 

years that the treatment of TiO2 by H2O2 yields to complexation between titanium ions and 

H2O2 in a form of an active oxygen-donating intermediate that is active in oxidation reactions 

of organic compounds [26, 27]. Despite the known formation of reactive oxygen species (ROS) 

over H2O2-treated TiO2, to our best knowledge, no publications exist regarding the application 

of this type of catalyst for the construction of biosensors. 

The aim of this work is to explore the use of TiO2 that generates ROS in the presence of H2O2. 

Herein, we report an original strategy for HRP-based biosensors that can work in solution 

containing no H2O2 and only need a short pre-activation of a TiO2-HRP based electrode. Thus, 

such enzyme electrode works as a reagent-less sensor, i.e. can sense phenols and aromatic 

amines without adding a co-substrate in the measuring solution, which opens new opportunities 

for developing easy-to-use on-site tests. 

2. Experimental 

2.1. Materials 

Hydrogen peroxide (H2O2, 35 wt%), nafion® 117 (5% in a mixture of lower aliphatic alcohols 

and water), potassium chloride (KCl), 4-aminophenol (4AP, 98+%), silicon dioxide (SBA-15, 

mesoporous), and potassium phosphate monobasic (KH2PO4) were purchased from Sigma-

Aldrich. Hydroquinone (HQ, 99.5%) was purchased from Acros, and TiO2 (Millennium PC500, 

mesoporous) was obtained from Crystal Global. Prior to use, TiO2 was calcined to 450 °C to 

enlarge its pore size [28]. Horseradish peroxidase (HRP, EC 1.11.1.7, activity 293 U/mg) was 

purchased from Calbiochem. The measuring buffer contained 0.01 M phosphate at pH 7 and 

0.1 M KCl as supporting electrolyte. All reagents were used without further purification and all 

solutions were prepared with deionized water.  
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2.2. Apparatus 

Electrochemical measurements were carried out using PalmSens (Utrecht, The Netherlands) 

with PSTrace software (version 3.0). Experiments in the presence of HQ were conducted in a 

conventional three-electrode electrochemical cell (10 mL) using a saturated calomel electrode 

(SCE) and a glassy carbon rod as a reference and a counter electrode, respectively. A carbon 

screen-printed electrode (SPE, ItalSens) was used as working electrode. 4AP and other tested 

phenols were measured in a droplet, i.e. by placing a drop of 100 L onto a SPE. Since the 

potential of the screen-printed Ag quasi-reference electrode in the measuring buffer was ca. 

+0.04 V versus SCE, the amperometric measurements in a droplet were conducted at a potential 

of −0.14 V which corresponded −0.1 V versus SCE. 

UV-vis were recorded in the range of 200-500 nm using a SYNERGYTM MX (Biotek, USA). 

For EPR (electron paramagnetic resonance) measurements, X-band (~9.44 GHz) continuous-

wave (CW) EPR experiments were performed on a Bruker ESP300E spectrometer equipped 

with a liquid Helium cryostat (Oxford Inc.). The EPR spectra were recorded at 2.5 K, with a 

modulation amplitude of 5 mT, a microwave power of 1 mW and a modulation frequency of 

100 kHz. A vacuum pump was attached to the EPR sample tube to remove the excess 

paramagnetic oxygen from the sample during the experiments. All EPR spectra are presented 

normalized for facile comparison and are simulated using the MATLAB toolbox Easyspin [29]. 

2.3. Modification of the electrode  

The procedure for immobilization of HRP in TiO2 is reported elsewhere [30]. Briefly, 20 mg 

TiO2 was added to 0.25 mL of 66 M HRP in 10 mM HEPES pH 7 and incubated for 18 h at a 

rotary shaker at room temperature. After this stage, 95% of the total amount of HRP was 

adsorbed onto TiO2 as measured by UV-vis of the supernatant that results in 3.4 wt% HRP in 

the TiO2-HRP powder. Similarly, we estimated that the maximal loading reaches 4.7 wt% at 

higher concentrations of HRP (Table S1). Finally, the resulting powder (TiO2-HRP) was filtered 

through a millipore 0.45 m filter, washed with excess of pure buffer, and dried and then stored 

at +4 °C. 

To modify a SPE, a suspension (5 µL) consisting of TiO2-HRP (10 mg/ml) and nafion® (5% in 

a mixture of lower aliphatic alcohols and water) in 10 mM HEPES pH 7 was dropped on the 

surface of the working electrode of the SPE and dried at room temperature for approximately 1 

h. The modified electrodes were abbreviated as SPE|TiO2-HRP. To identify the role of TiO2, 

SiO2 (SBA-15) impregnated with HRP was prepared and drop-casted on a SPE in the same 
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way. These electrodes were abbreviated as SPE|SiO2-HRP. For the pre-incubation tests, the 

modified electrodes were incubated for 2 min in 1 mM H2O2 solution and carefully washed in 

copious amount of the pure buffer. 

2.4. UV-vis determination of HQ oxidized by TiO2-HRP after activation in H2O2 

For activation, 1 mg of TiO2-HRP was incubated in 1 mL of 1 mM H2O2 for 5 min. Next, the 

suspension was centrifuged at 14000 rpm for 1 min and the supernatant was discharged. The 

precipitated TiO2-HRP was washed with 1 mL phosphate buffer and centrifuged again. This 

washing step was repeated three times. Finally, the activated and washed TiO2-HRP was re-

suspended in 1 mL of 25 µM HQ in the phosphate buffer and incubated for 1 h in dark. The 

UV-vis spectra of HQ before incubation with TiO2-HRP and the supernatant after incubation 

with activated TiO2-HRP were recorded and the amount of HQ oxidized was calculated from 

the decrease in the absorbance band of HQ at 288 nm. 

3. Results and discussion 

3.1. The feasibility of avoiding H2O2 in HRP based sensing 

Peroxidases, e.g. HRP, catalyse the oxidation of a wide range of phenols and aromatic amines 

by H2O2 and, thus, peroxidases were employed in numerous second and third generation 

electrochemical biosensors [17, 31-34]. For the detection of phenolic compounds by a HRP-

based sensor, an analyte undergoes redox cycling between the enzyme (oxidation) and a 

polarized electrode (reduction) while H2O2 plays a role of the sacrificial electron acceptor for 

HRP (Fig. 1A) [35-37]. However, H2O2 is an electroactive compound and its addition into the 

measuring buffer causes a large spike in the background current followed by continuous 

background drift (Fig. 1C). Consequently, additional time is needed to stabilize the background 

drift to an acceptable level. These issues become even more daunting when conducting 

measurements are performed in a droplet because of poor repeatability of the background drift 

induced by H2O2 addition. Obviously, a strategy that can avoid direct addition of H2O2 in the 

measuring buffer, is advantageous and desirable. 

In this work, we suggest incubation of SPE|TiO2-HRP in 1 mM H2O2 for a short time in order 

to pre-activate. Afterwards, the electrodes were rinsed with a copious amount of pure buffer to 

remove excess and weakly adsorbed H2O2 and tested in the electrochemical cell containing the 

working buffer without H2O2. In the following text these electrodes are abbreviated as 

SPE|TiOOH-HRP in contrast to their non-activated versions SPE|TiO2-HRP. The activity of 
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SPE|TiOOH-HRP was measured in the presence of HQ by recording a reduction current of 

benzoquinone (BQ) formed in the HRP-catalyzed enzymatic reaction, i.e. in a similar way as if 

H2O2 would be present in the solution (Fig. 1B). Surprisingly, SPE|TiOOH-HRP showed 

intense responses to HQ in the range of 0.05 – 2 M (Fig. 1D, Fig. S1), with values that were 

even higher than the responses at SPE|TiO2-HRP obtained in the presence of 1 mM H2O2. 

Comparative behaviour of SPE|TiOOH-HRP and SPE|TiO2-HRP during amperometric 

measurements of HQ, our model analyte, is shown in Fig. 1C and D. A large spike and a 

considerably long background stabilization time (ca. 600 s) was observed in case of SPE|TiO2-

HRP after adding H2O2 (Fig. 1C), while the background current at SPE|TiOOH-HRP was stable 

from the onset of the amperometric experiment (Fig. 1D). Furthermore, at sub-M 

concentrations (0.05-1 M) SPE|TiOOH-HRP showed a sensitivity of 3.04 ± 0.15 A M-1 cm-2 

(average  SD from three independent experiments) which is six times higher than the 

sensitivity observed at SPE|TiO2-HRP, operating in the presence of 1 mM H2O2, 0.54 ± 0.05   

A M-1 cm-2. However, the current-concentration curve levels out already at 2 M for 

SPE|TiOOH-HRP and at only 40 M for SPE|TiO2-HRP operated in the presence of H2O2. In 

other words, SPE|TiOOH-HRP outperforms in the low concentration range (0.05 – 2 M), but 

gives a comparatively lower response at higher concentrations (> 2 M). This is not an issue 

for the detection of phenolic contaminants, which should be normally monitored in the sub-M 

concentration range.  

The sensitivity of the pre-activated electrode (SPE|TiOOH-HRP) towards HQ in the solution 

containing no H2O2 can be explained by the accumulation of the hydroperoxyl functionalities 

(-OOH) created on the surface of the activated electrode during the pre-activation step [38]. 

These functionalities may further release reactive oxygen species that interact with the adsorbed 

HRP. We also exclude comparatively weak physical adsorption of H2O2 on the TiO2 surface 

because the electrodes kept their ability to oxidize phenolic compounds during a period of ca. 

twenty minutes, even after vigorous washing and being placed in a large volume (10 mL) of 

pure buffer solution. 

The formation of hydroperoxyl functionalities can occur on TiO2 but not on SiO2. Thus, to 

further emphasize the role of TiO2, an electrode modified by SiO2-HRP (SPE|SiO2-HRP) was 

prepared and pre-activated by a H2O2 solution. However, no electrochemical responses could 

be observed upon adding HQ (Fig. 1D inset) meaning that the activation effect is only observed 

for TiO2. In contrast, after adding 1 mM H2O2 in the cell solution, SPE|SiO2-HRP gave similar 
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responses to HQ as it was observed at SPE|TiO2-HRP with H2O2 being present in the measuring 

cell (Fig. S2). This suggests that SPE|SiO2-HRP contained the same amount of active HRP 

molecules, but it could not be activated by a short incubation in H2O2 as it is the case for TiO2-

based electrodes. The result supports the hypothesis of the formation of hydroperoxyl 

functionalities. 

 

Figure 1. Comparison of the reaction mechanism and amperometric behaviour of two detection schemes. (A) The 

HRP reaction mechanism in the presence of H2O2 in solution and (B) at a pre-activated Ti-OOH electrode. (C) 

The baseline fluctuation after the addition of 1 mM H2O2 and amperometric detection HQ at SPE|TiO2-HRP. (D) 

Detection of HQ at SPE|TiOOH-HRP. Inset: Amperometric responses at a pre-activated SPE|SiO2-HRP. The 

number denote the concentration of HQ (µM). Measuring buffer, 0.01 M phosphate buffer (pH 7.0) containing 0.1 

M KCl. Applied potential, -0.10 V vs. SCE. 

3.2. EPR and UV-vis characterization 

To study the functionalities created at the TiO2 surface after contact with H2O2, EPR analysis 

was performed. Initially, blank TiO2 (without HRP) in 10 mM HEPES buffer pH 7 was 

measured by EPR and subsequently 10 mM H2O2 was added, followed by another EPR 

measurement. By subtracting the EPR spectrum of blank TiO2 from the latter, the resulting 

anisotropic EPR spectrum shown in Fig. 2A is obtained.  
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Figure 2. CW-EPR spectrum of (A) the subtraction of the EPR spectrum of TiO2 + H2O2 from the EPR spectrum 

of TiO2 and (B) the corresponding simulation. 

Simulations (Fig. 2B) reveal g-values of gz = 2.0288 (0.0002), gy = 2.0090 (0.0002) and gx 

= 2.0037  (0.0002). These values are ascribed to the superoxide anion O2
- bound on the Ti4+-

centers [39-43]. Another weak signal is observed due to a second O2
- with gz = 2.0365. The two 

O2
- signals show the same gy and gx values. The difference in gz component originates from the 

differences in crystal field due to the different location of O2
- on TiO2 surface [40, 42, 44, 45]. 

It is suggested that through homolysis of H2O2 to HO• radicals the side reaction occurs: [39, 

41] 

H2O2     2HO•                  Ti-OOH  

This further leads to the formation of O2
- due to the reaction of the -OOH functionalized TiO2 

with hydroxyl radicals. No such effect was found for silica treated with H2O2 (Fig. S3). The full 

EPR spectra of non-activated and H2O2-activated TiO2-HRP are shown in Fig. S4. In the 100-

150 mT region of Fig. S4A, the low-field component of the high-spin ferric forms of HRP are 

observed. A multitude of components is seen, in line with earlier observations for peroxidases 

that show that the heme pocket is very heterogeneous [46]. By adding H2O2, many components 

of this signal disappear, in line with the expected two-electron oxidation to compound I, which 

is an oxoferryl iron (Fe4+=O) and a porphyrin π cation radical [47, 48]. The amount of HRP 

compound I depends on the amount of H2O2 added [47]. In this case a high amount of H2O2 (10 

mM) is used to investigate the influence of H2O2 on both the enzyme and TiO2. Figure S5 zooms 

into the region where radical contributions are expected for TiO2-HRP in HEPES buffer (Fig. 

S5A) and activated TiO2-HRP (Fig. S5B). The difference between spectrum S5B and S5A is 

Ti 
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shown in Figure S5C. Besides contributions of O2
- radicals as observed for TiO2 treated with 

H2O2 (Fig. 2), an extra radical signal stemming from the porphyrin radical of compound I is 

observed (indicated with red dashed line). By raising the temperature above 20 K, the radical 

signal could not be observed anymore in line with what is expected for a compound I porphyrin 

radical [47].  

To estimate the amount of reactive oxygen species accumulated in the pre-activation step on 

TiO2-HRP, we measured the amount of HQ that can be oxidized by TiO2-HRP after treatment 

by 1 mM H2O2 for 5 min and vigorous washing with pure buffer. UV-vis spectra of the HQ 

solution were recorded before and after 1 h incubation with pre-activated TiO2-HRP. 

Absorbance of HQ peak at 288 nm decreased after the incubation while a new band attributed 

to BQ, appeared at 245 nm. Since the absorbance bands of HQ and BQ do not overlay 

noticeably, we could calculate the amount of HQ oxidized in the experiment through the relative 

change in the absorbance at 288 nm. In average, 12.8 ± 1.4 nmol HQ was oxidized by 1 mg 

activated TiO2-HRP that corresponds to 12.8 µmol/g accumulated ROS as a H2O2 equivalent. 

As a control, similar experiments were performed with non-activated TiO2-HRP and pre-

activated SiO2-HRP and TiO2 that resulted in only negligible values of oxidized HQ (Table 1). 

Table 1. Amounts of HQ oxidized at the surface of different matrices pre-activated in 1 mM H2O2 in comparison 

with non-activated ones as calculated from the UV-vis spectrometry measurements. 

Material Amount of HQ oxidized ± SD (mol/g) 

TiO2-HRP (pre-activated) 12.8  1.4 

TiO2-HRP (non-activated) 1.3  0.3 

TiO2 (pre-activated) 1.2  0.2 

SiO2-HRP (pre-activated) 0.0  0.0 

 

3.3. Sensitivity and operational stability 

To study the effect of the enzyme loading, TiO2 was impregnated with different amounts of 

HRP (Table S1). A maximal loading of 1.06 µmol HRP per g TiO2 ( 4.7 wt%) was determined 

by UV-vis from the change of HRP concentration in the supernatant after incubation of TiO2 in 

HRP solutions of different volumes. The sensitivity of the electrodes increased linearly with 

the loading of HRP, for both SPE|TiO2-HRP with H2O2 in the cell solution and SPE|TiOOH-

HRP. Clearly, for all loadings the sensitivity was higher in the case of the pre-activated 

electrodes. However, the operational stability of the pre-activated electrode with the highest 
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loading was the worst: the electrode had only 56% of its activity after 30 min in 0.5 µM HQ 

(Fig. S6). The electrode with a loading of 0.77 µmol/g kept 80% activity in the same conditions 

and the electrodes with this loading were used in all further experiments. 

3.4. Effect of the incubation time of the pre-activation step 

Variation of the time of the pre-activation step revealed that even a short two minute incubation 

is sufficient to activate the electrode surface, while the sensitivity gradually decreased with the 

treatment time, probably due to some inactivation of the enzyme (Fig. S7). As a result, a pre-

treatment time of 2 min was selected for all measurements.  

Interestingly, SPE|TiO2-HRP gives a minor response (ca. 70 nA) even without pre-activation 

in H2O2 (black square in Fig. S7). The most probable explanation is that TiO2 may accumulate 

reactive oxygen species in small amounts without treatment by H2O2 due to generated the 

electron-hole pair upon exposure to ambient day light. It is known that the excited-state 

electrons and holes after reaction with water and oxygen can produce and accumulate reactive 

oxygen species [49, 50] similarly to the activation step with H2O2 but in comparatively small 

amounts that resulted in a lower sensitivity to HQ. 

3.5. Effect of working potential 

The sensitivity of the electrodes is influenced by the working potential of the amperometric 

detections. The dependence was investigated over a potential range from 0.1 to -0.4 V in a 

solution containing 1 µM HQ (Fig. S8). The response of the pre-activated electrodes 

proportionally increased as the applied potential shifted towards more negative values reaching 

a plateau at -0.3 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 [51]. A low background current 

and no influence of oxygen reduction motivates the selection of a working potential of          

−0.10 V. 

3.6. Applicability of the SPE|TiOOH-HRP electrode  

The amperometric response of SPE|TiOOH-HRP was monitored for different phenolic 

compounds and referred to the current response obtained in the presence of HQ (Table S2). The 

trend of the reactivity can be explained by the nature of the phenolic structures, the position of 

the functionalities, and the ability of the substituents to form electron-donor conjugation [52, 

53]. Among the phenolic substrates tested, HQ shows the highest sensitivity and reactivity 
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followed by 2-aminophenol (2AP), quercetin and 4-aminophenol (4AP). In the case of 

quercetin, 2AP, caffeic acid and 4AP, a corresponding conjugated structure is easily formed 

due to strong electron-donor conjugation of the substituents meaning that the free electron on 

the resulting quinone radical is stabilized by the charge distribution through the conjugated 

system [54, 55]. 

To explore the applicability of the SPE|TiOOH-HRP electrodes for on-site applications, 100 

L of 4AP solution was placed onto the SPE and the amperometric response was measured at 

a potential of -0.14 V (-0.10 V vs SCE) as shown in Fig. 3. Among the phenolic pollutants, 4-

aminophenol (4AP) has industrial relevance due to its occurrence as an intermediate in the 

synthesis of pharmaceuticals [56] or as a stain for wood, fur and feathers [57]. 4AP was also 

identified as a degradation product of paracetamol, therefore it is frequently present in 

paracetamol tablet formulation and wastewater [58, 59].  

The calibration plot exhibits a typical current response of the electrode with increasing 4AP 

concentration (Fig. 3B). The concentration-response profile (Fig. 3B) for SPE/TiOOH-HRP was 

near linear in the concentration range 0.025 – 1 µM and saturated at 2 – 5 µM. The average 

sensitivity ± SD (three different electrodes) was 2.73 ± 0.99 A M-1 cm-2 and the limit of 

detection was 24 nM. The detection limit for 4-AP in the present work is at least two times 

lower than reported in the literature for other biosensors (Table S3) which indicates favourable 

analytical performance of our electrochemical biosensor. 

 

Figure 3. Chronoamperometry curves (A) and calibration plot (B) obtained for 4-aminophenol at SPE|TiOOH-

HRP in 0.01 M phosphate buffer (pH 7.0) containing 0.1 M KCl. Applied potential, -0.14 V (-0.1 V vs SCE). 

 

 



13 
 

4. Conclusion 

For the first time we show that TiO2 can accumulate reactive oxygen species allowing it to act 

as sacrificial electron acceptor for HRP when an analyte undergoes redox cycling between 

enzymatic oxidation by HRP and electrochemical reduction at an electrode. The amount of 

species accumulated after a short pre-activation step in H2O2 and followed washing was enough 

to support the response of electrodes in the range of concentration up to 2-5 M. Applying the 

pre-activation step instead of adding H2O2 in the measuring buffer improves the background 

stability and LOD in amperometric detection of phenols compared to the conventional HRP-

based electrosensing strategy. EPR spectroscopy revealed the presence of O2
- at the surface of 

TiO2 after the pre-activation step.  

The proposed detection scheme goes beyond the traditional concept of both second and third 

generation biosensors suggesting a new direction for the development of enzymatic sensors 

based on redox cycling and a surface confined sacrificial electron acceptor. This approach 

simplifies the analysis and gives possibilities for a straightforward design of sensors to detect a 

wide range of phenolic pollutants. 
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Figure S1. Calibration curve of SPE|TiOOH-HRP incubated for 2 min in 1 mM H2O2 (red) and SPE/ TiO2-HRP 

used in the presence of 1 mM H2O2 (black). Inset: a lower HQ concentration range. Background electrolyte, 0.01 

M phosphate buffer (pH 7.0) containing 0.1 M KCl. Applied potential, -0.10 V vs. SCE. 
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Figure S2. Amperometric responses at SPE|SiO2-HRP towards different concentrations of HQ (µM) in the 

presence of 1 mM H2O2 in the measuring cell. Background electrolyte, 0.01 M phosphate buffer (pH 7.0) 

containing 0.1 M KCl. Applied potential, -0.10 V vs. SCE. 
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Figure S3. CW-EPR spectra of (A) SiO2 in HEPES buffer and (B) SiO2 with 10 mM H2O2. 
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Figure S4. CW-EPR spectra of (A) TiO2-HRP in HEPES buffer and (B) TiO2-HRP with 10 mM H2O2. * indicates 

a non-heme iron signal and ** the Cu2+ background signal. 
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Figure S5. High-field CW-EPR spectra (not normalized) of (A) TiO2-HRP in HEPES buffer, (B) TiO2-HRP with 

10 mM H2O2 and (C) difference spectrum (B)-(A). The position of the formed porphyrin π cation radical (g≈2) is 

indicated by the dashed line. The signal around 340 mT is possibly due to a Ti3+ component of the titania material. 
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Table S1. Dependence of the amperometric response on the amount of adsorbed HRP at SPE|TiOOH-HRP (after 

incubation for 2 min in 1 mM H2O2), compared to SPE|TiO2-HRP in the presence of 1 mM H2O2 in the cell 

solution. 

 

Loading (µmol/g) 

Slope  SD (nA/µM) 

SPE|TiO2-HRP 

in the presence of 1 mM H2O2 

SPE|TiOOH-HRP 

in H2O2-free buffer 

0.18 33.7  1.4 (n=6) 60.0  1.3 (n=6) 

0.77 108  15 (n=9) 150  33 (n=10) 

1.06 206  15 (n=3) 295  70 (n=3) 
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Figure S6. Stability of the response at SPE|TiOOH-HRP with different HRP loading in the presence of 0.5 µM 

HQ. The currents were recorded every 10 min. Background, 0.01 M phosphate buffer (pH 7.0) containing 0.1 M 

KCl. Applied potential, -0.10 V vs. SCE. 
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Figure S7. Effect of incubation time in 1 mM H2O2 on the response of SPE|TiOOH-HRP to three concentrations 

of HQ.  Background, 0.01 M phosphate buffer (pH 7.0) containing 0.1 M KCl. Applied potential: -0.10 V vs. SCE. 
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Figure S8. Influence of the applied potential on the amperometric response of 1 µM HQ at SPE|TiOOH-HRP in 

0.01 M phosphate buffer (pH 7.0) containing 0.1 M of KCl. 
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Table S2. Responses of SPE|TiOOH-HRP to 2 M phenolic compounds.Potential applied, -0.1 V vs. SCE. 

Compound Reduction current (nA)  
Relative electrochemical 

activity (%) 

HQ  -238  100 

2-Aminophenol -233 98 

Quercetin -170 71 

Caffeic acid -167 70 

4-Aminophenol -167 70 

Catechol -115 48 

Phenol -63 26 
 

 

 

Table S3. Comparison of the detection limit for 4-aminophenol using different electrodes. 

Electrode 
Limit of 

detection (µM) 
This method 

Graphene-chitosan composite film modified glassy carbon electrode [1] 

Graphene-polyaniline composite film modified electrode [2] 

Carbon Ionic Liquid Electrode [3] 

Single-wall carbon nanotube compound polymer film electrode [4] 

Conductive copolymer-modified carbon fibre microelectrodes [5] 

0.024 

0.057 

0.065 

0.1 

0.06 

1 
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