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Abstract 

Although nanozymes have been widely developed, directly utilizing light to drive 

catalytic reactions like natural photoenzymes still remains challenging. Here, we propose 

that photonanozymes (PNZs), as a novel kind of nanozyme, exclusively possess enzyme-

mimicking activity under illumination. Only in the presence of visible light, the as-

synthesized TiO2 proposed in this contribution shows excellent specificity of peroxidase-

like without any oxidase- or catalase-like activity. The driving force of the light-

empowered peroxidase-like photonanozymatic activity is explicated in terms of the 

photogenerated hot charge carriers in TiO2 PNZs and the accompanied reactive oxygen 

species. The co-substrates for photonanozymatic reaction over TiO2 PNZs facilitate the 

formation of the precarious and reactive peroxo-oxygen bridge between TiO2 and H2O2, 

enabling the catalytic specificity. With the TiO2 PNZ-based biosensing platform for visual 

glucose detection exemplifying the concept of the application of PNZs, this work may 

evoke more inspirations to explore strategies for enlarging the scope of photoenzyme 

mimics. 
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Light as a direct energy source driving photonanozymatic reactions with H2O2 enables 

TiO2 photonanozymes to have the peroxidase-like specificity exclusively under 

illumination. Photogenerated hot charge carriers and the accompanied reactive oxygen 

species are responsible for light-empowered photonanozymatic activity. Co-substrates are 

conducive to the formation of the photo-reactive peroxo-oxygen bridge bond between TiO2 

and H2O2, which specifically allows the peroxidase-like activity. 

 

 

1. Introduction 

Biocatalysis has become a green tool in chemical synthesis because only generally 

mild reaction conditions are required and enzymes have high specificity and selectivity.1, 2 

In the past decades, the strategy of combining enzymatic catalysis and chemical catalysis 

is substantially increased to achieve higher yields, lower costs, and better selectivity.3, 4 

However, the inconsistency of the reaction conditions hinders the improvements of bio- 

and chemo-catalysis hybridized systems,5 especially for the cooperation between 
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biocatalysis and photocatalysis, which is a promising means because light can be easily 

obtained as a clean and sustainable energy source.6, 7 DNA photolyases,8, 9 

protochlorophyllide oxidoreductase,8, 10 and fatty acid photodecarboxylases11, 12 are only 

three known natural light-dependent enzymes, i.e., the so-called photoenzymes.13 These 

photoenzymes per se exploit light energy without any assistance from other co-catalysts or 

modification of the natural enzymes. However, the scope of photoenzymatic catalysis is 

limited to reactions that are found in nature, making the exploration of photo-biocatalysis 

still challenging.14  

Introducing light into non-light-dependent enzymatic catalysis is an effective way to 

expand the types of enzymes for light energy utilization. To this purpose, versatile 

approaches have been developed. For example, enzymes that are coupled with chemical 

photocatalysts, including homogeneous molecular catalysts15, 16 and heterogeneous 

nanocatalysts,17 enable cascade reactions producing compounds more effectively than can 

the same catalysts used sequentially. Another effective and simple method is driving the 

indirect transfer of photoinduced electrons to an enzyme, where the photochemical 

regeneration of cofactors plays a crucial role.18, 19 Moreover, the reformation of existing 

enzymes through nongenetic (e.g., modification with a photosensitizer20, 21) or genetic (e.g., 

directed evolution22, 23) engineering facilitates the utilization of light energy. Overall, the 

above strategies still require natural enzymes, which are generally expensive and sensitive 

to reaction conditions. 

As a kind of artificial analogue of enzymes, nanozymes are inorganic nanomaterials 

that possess enzyme-mimicking kinetic behaviors in the conversion of enzyme substrates 

to products,24, 25 allowing them to be widely used in environmental remediation,26 

molecular detection,27, 28 as well as biomedicine and therapeutics.29 However, most of the 

current existing light/nanozyme systems are ascribed to photo-activated nanozymes or 

photo-responsive nanozymes.30-32 The essential of them is that only the ligand molecules 

or modification materials around the nanozymes are controlled by light for strengthening 
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or weakening the catalytic activity, while the nanozymes themselves always hold the 

intrinsic property for catalysis.33, 34 In addition, unlike photocatalysis that happened over 

photoenzymes, in the above mentioned photo-controlled thermocatalytic systems, light is 

never be employed as the direct source of energy for driving the chemical conversion, 

although some nanomaterials (such as semiconductors and precious metal nanoparticles) 

are accompanied with photogeneration of reactive oxygen species under light stimulation. 

Inspired by the nanomaterial-based photocatalysis, we propose a novel kind of 

nanozyme that possesses enzyme-mimicking activity only under illumination, while is 

completely non-active for thermo-catalysis in the dark. In this contribution, as the 

counterpart of photoenzymes, the photocatalytic nanomaterials that utilize light as the sole 

driving force and mimic enzymatic activity are termed photonanozymes (PNZs), following 

the same naming pattern as enzymes and nanozymes. Considering anatase titanium dioxide 

(TiO2)-based materials are known to particularly occupy an outstanding position in various 

photocatalysis,35, 36 here we demonstrate that the decomposition of H2O2 on TiO2 for the 

oxidation of a variety of substrates is exclusively empowered by light. TiO2 PNZs solely 

possess the peroxidase-like reactivity under the light as O2 molecules cannot be activated 

by illuminating TiO2 PNZs. The study on structural and optical features of TiO2 PNZs in 

the presence of substrates substantiates the formation of a peroxo-oxygen bridge between 

TiO2 and H2O2, which is further proved to be responsible for the catalytic specificity. Lastly, 

as a proof of concept, the TiO2 PNZs-based biosensor is constructed for sensitive 

colorimetric detection of glucose, which holds great promise in biosensing applications. 

 

2. Results and Discussion  

2.1. Peroxidase-like activity of TiO2 PNZs 

To prepare TiO2 PNZs, nanostructured TiO2 particles were synthesized via a classical 

hydrothermal method.38 The morphology and size distribution of the TiO2 PNZs were 
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investigated by transmission electron microscopy (TEM), as is shown in Figure S1A. The 

particle size of TiO2 PNZs is in the range of 10-20 nm, which is consistence with the result 

of dynamic light scattering (DLS) measurements indicating a diameter around 50 nm for 

little accumulation in water (Figure S1B). The obtained anatase TiO2 was proved by the X-

ray diffraction pattern (XRD) test (Figure S1C), confirming the successful synthesis of 

TiO2 PNZs. Finally, the optical property of the prepared TiO2 PNZs was studied by the 

diffuse reflectance ultraviolet-visible (DRUV-vis) absorption spectrum (Figure S1D), 

which shows that the TiO2 PNZs interact with photons majorly at the wavelength shorter 

than 390 nm.  

 

Figure 1. Peroxidase-like activity of TiO2 photonanozymes (PNZs). (A) Schematic diagram of 

the peroxidase activity of TiO2 PNZs; (B) The absorbance of oxTMB representing the peroxidase 

activity of TiO2 PNZs under different light sources (blank, white light, 410 nm LED light source, 

power density: 38.3 mW·cm−2); (C) UV-visible absorption spectra of different reaction systems. 

Experimental conditions: reaction time was 30 min with the light irradiation of 410 nm. (D) 

Staircase-like behavior of peroxidase-mimicking activity of TiO2 PNZs with the continuous on and 

off of the blue 410 nm LED (interval 3 min). In panels B, C, and D, the reactions were conducted 

with 208 μM TMB, 10 mM H2O2, and 25 μg·mL−1 TiO2 PNZs in 0.2 M acetate buffer (pH 4.0). 

The absorbances were recorded for oxTMB at 652 nm. 

 

To verify the photo-dependent enzyme-like catalytic activity of the TiO2 PNZs, we 

conducted a typical chromogenic reaction, in which the colorless 3,3′,5,5′-

tetramethylbenzidine (TMB) was catalytically oxidized to the blue oxidation state of TMB 
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(oxTMB) by hydrogen peroxide (H2O2) in presence of TiO2 under light (Figure 1A). By 

recording the absorbance of oxTMB at 652 nm,39 we find that in the absence of light, TiO2 

PNZs cannot trigger the interaction between H2O2 and TMB. However, if the irradiation 

from white light was introduced, an obvious increase of the absorption at 652 nm is 

observed, indicating the photo-dependent enzyme-like activity (Figure 1B). Furthermore, 

the dependence of the catalytic activity on the light wavelength was studied. In the visible-

light regime, as the wavelength goes longer, the catalytic activity of peroxidase decreases 

gradually (Figure S2A). The wavelength-dependent photocatalytic results were further 

confirmed by the chronoamperometric response experiment (Figure S2B). Accordingly, to 

investigate the peroxidase-like activity of TiO2 PNZs under visible light, 410 nm was 

selected as the excitation wavelength for subsequent studies.  

A light "on-off" experiment was performed to further confirm the peroxidase-like 

activity of the TiO2 PNZs is photo-dominated. We find that only under the light irradiation, 

the absorbance at 652 nm of oxTMB increases significantly, which keeps constant while 

the light irradiation turns off (Figure 1C and Figure S3). This staircase-like behavior 

indicates that light is an essential factor in the photonanozymatic performance of TiO2 

PNZs. Furthermore, the photocatalytic activity after several catalytic cycles were 

maintained (Figure S4), indicating that the TiO2 PNZs exhibited good stability without 

undergoing damage and loss of activity. 

Six different reaction systems were designed to probe the specificity of the proposed 

PNZs. As shown in Figure 1D, compared with other reaction systems, TiO2 PNZs can only 

catalyze the oxidation of TMB in the presence of H2O2 under visible-light irradiation, 

where a significant increase of the absorption at 652 nm is noted (curve a). As a comparison, 

TiO2 PNZs cannot catalyze the reaction between H2O2 and TMB under the dark (curve b). 

This confirms the photonanozymatic reaction is a kind of photocatalysis mimicking 

photoenzymes, rather than photo-enhanced thermocatalysis like light-responsive 

nanozymes. Furthermore, due to the incapable of exciting TiO2 under 410 nm light 
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irradiation in the absence of H2O2, curves c and d show negligible absorbance under either 

light irradiation or the dark. Thus, the possibility of oxidase-mimicking activity is 

preliminarily excluded for the TiO2 PNZs. We also challenged the catalytic activity toward 

TMB oxidation of TiO2 PNZs in the absence of O2 and H2O2, which suggests that TiO2 

PNZs themselves, no matter with or without photo-excited hot charge carriers, cannot drive 

the formation of oxTMB (curve e and f). Moreover, it should be pointed out that TiO2 is 

the critical catalyst in this system since the mixture of TMB and H2O2 without the addition 

of TiO2 does not generate oxTMB (Figure S5). Above results suggest that TiO2, light, and 

H2O2 are all necessary substances for the photonanozymatic reaction. Thus, this further 

inspired us to investigate the catalase-like activity of TiO2 PNZs. By comparing the 

absorption intensity of the characteristic peak of H2O2 at 240 nm before and after light 

irradiation, it is found that light does not influence the stability of H2O2 (Figure S6A) and 

no bubbles appeared in the reaction solution, indicating that TiO2 NPs have no catalase-

mimicking activity. Furthermore, the possible partial self-decomposition of H2O2 under 

light irradiation will not affect the photonanozymatic reaction (Figure S6B). These results 

substantiate TiO2 PNZs possess a unique light-empowered photoenzyme-like activity with 

the peroxidase-mimicking specificity.  

2.2. Kinetics analysis for TiO2 PNZs 

TiO2 PNZs display excellent light-dependent peroxidase-like activity. Furthermore, 

the light-dependent peroxidase-like reaction process follows the conventional enzymatic 

dynamic regulation of the Michaelis–Menten equation v = Vmax[S]/ (Km + [S]), where v is 

the initial velocity, [S] is the concentration of substrate, Vmax refers to the maximum 

reaction velocity, and Km is defined as the Michaelis−Menten constant, and was monitored 

by testing the absorption of oxTMB. Therefore, steady-state kinetics of TiO2 PNZs was 

quantitatively studied on the basis of the absorbance value of oxTMB at 652 nm. As 

expected from Figure 2, the peroxidase-like activity of TiO2 PNZs fits the typical 

Michaelis−Menten equation well for both TMB and H2O2. With the double reciprocal 
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Lineweaver−Burk diagram (Figure 2B and Figure 2D), the Km values of TiO2 PNZs for 

TMB and H2O2 are calculated as 0.08 mM and 7.16 mM, respectively. These parameters 

reach the level of horseradish peroxidase (HRP) and are lower than that of the most 

recently-developed nanozymes (Table S1), indicating TiO2 PNZs possess a strong affinity 

towards both TMB and H2O2. In addition, the Vmax values of TiO2 PNZs for TMB and H2O2 

are similar to that of HRP, suggesting the fast rate of such a catalytic reaction. Accordingly, 

the Michaelis−Menten-style kinetics guarantees that the TiO2 PNZ with unique light-

dependent peroxidase-like activity is a kind of enzyme mimic, that is, photonanozyme. 

 

Figure 2. Kinetic assay of TiO2 PNZs. (A) UV-vis absorption spectra of peroxidase-like TiO2 

PNZs catalyzed H2O2 (10 mM) with TMB of different concentrations. (B) Steady-state kinetic 

assay of TiO2 PNZs by varying the concentration of TMB. Inset: Lineweaver−Burk plot of 

photocatalytic activity of the TiO2 PNZs with H2O2 as the substrate. (C) UV-vis absorption spectra 

of peroxidase-like TiO2 PNZs catalyzed TMB (208 μM) with H2O2 of different concentrations. (D) 

Steady-state kinetic assay of TiO2 PNZs by varying the concentration of H2O2. Inset: 

Lineweaver−Burk plot of photocatalytic activity of the TiO2 PNZs with TMB as the substrate. In 

all experiments, TiO2 was 25 μg·mL−1 diluted in 0.2 M acetate buffer (pH 4.0). 

 

In order to investigate the substrate versatility of TiO2 PNZs, 2,2′-azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) and o-phenylenediamine (OPD) were also 

selected as chromogenic substrates to examine the peroxidase-like activity. Compared with 

that using TMB as a substrate, it is seen that the Km value is close (Section 7, Supporting 

Information). Thus, TiO2 PNZs holding a light-empowered peroxidase-like activity can 
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drive the reaction between H2O2 and various co-substrates, which is consistent with other 

reported peroxidase mimics.  

2.3. Mechanism of the light-empowered peroxidase-like activity 

To interpret the mechanism of TiO2 nanoparticles as photonanozymes, we first 

investigated the influence of H2O2 and the co-substrate on the structural and optical 

properties of TiO2 (Section 8, Supporting Information). The X-ray diffraction (XRD) 

spectra show the diffraction peaks of the as-synthesized TiO2 and the hydrogen peroxide-

treated TiO2 (P-TiO2) are consistent with that of anatase TiO2 (Figure S9), which indicates 

that the crystal structure of anatase TiO2 retains after the incubation with H2O2 and acetate 

buffer. DRUV-vis absorption spectra of the obtained samples (Figure S10) demonstrate the 

P-TiO2 sample possesses a certain reflectance in the visible-light regime around 410 nm, 

suggesting a reduced bandgap energy of P-TiO2. The increase of photocurrent in the 

electrochemical measurements  for TiO2 after adding H2O2 under 410 nm light irradiation 

indicates that TiO2 can drive the redox reaction of H2O2 (Figure S11). Moreover, we carried 

out the electron spin resonance (ESR) spectroscopy for the as-synthesized TiO2 and P-TiO2. 

The oxygen vacancy concentration in the P-TiO2 is significantly reduced comapring to the 

TiO2 sample (Figure S12), proving the adsorption of H2O2 on the surface of TiO2 and its 

decomposition towards oxygen species. All above results indicate the successful formation 

of P-TiO2, in which the structural and optical properties are interrelated.  
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Figure 3. XPS spectra for the as-synthesized TiO2 and hydrogen peroxide-treated TiO2 (P-

TiO2). Ti2p (A) and O1s (B) spectral signals of TiO2; Ti2p (C) and O1s (D) spectral signals of P-TiO2; 

Ti2p (E) and O1s (F) spectral signals of P-TMB-TiO2. (Green, blue, and gray curves correspond to 

raw, peak-fitted, and background spectra, respectively. Others show separated peaks.) 

 

However, the decomposition mechanism of hydrogen peroxide (H2O2) by TiO2 under 

illumination is still controversial.40-42 To figure out the bonding status of the decomposed 

H2O2 on the surface of TiO2, we further performed X-ray photoelectron spectroscopy (XPS) 

for TiO2 and P-TiO2. Figures 3A and 3B reveal that the Ti2p spectra of TiO2 and P-TiO2 are 

composed of peaks belonging to Ti2p 3/2 and Ti2p 1/2 at 458.7 eV and 464.5 eV, respectively, 

indicating that Ti ions have an octahedral structure. Moreover, in the O1s XPS spectra of 

TiO2 and P-TiO2 (Figures 3C and 3D), the peaks of Ti–O (529.8 eV) and of Ti–OH (531.6 

eV) are observed. By comparing the integrated area of the O1s XPS spectra of TiO2 and P-

TiO2 peak centered at 531.6 eV, we found the oxygen content of TiO2 after H2O2 treatment 

is ~2.0% higher than that of as-synthesized TiO2 (calculated by the integral of the entire 

peak area). Accordingly, the treatment of TiO2 by H2O2 increases the content of the 

hydroxyl (–OH) group on the surface of TiO2, as expected. This phenomenon should be 

attributed to the decomposition of H2O2 after the adsorption on TiO2.
43 Moreover, the 
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absence of Ti–O–OH peak in the O1s spectra further confirms that the homolytic 

dissociation of H2O2 towards –OH by anatase TiO2, which is consistent with previous 

report.44  

After successfully proving that the H2O2 is decomposed to form –OH groups adsorbed 

on the TiO2, it is critical to figure out whether the adsorbed –OH groups of P-TiO2 affect 

the peroxidase-like photonanozymatic reaction (Section 9, Supporting Information). After 

drying P-TiO2 at different temperatures, the blue-shift of the DRUV-vis absorption spectra 

spectroscopy with the increased temperature indicates that the –OH groups adsorbed on 

the surface of TiO2 tend to dissociate at higher temperatures (Figure S13A). However, the 

adsorbed –OH groups on P-TiO2 are not responsible for the TMB oxidation under 410 nm 

light because TMB can not be oxidized if only P-TiO2 is employed (Figure S13B). 

Furthermore, the absence of the ESR signal of superoxide (O2
•−) radical further indicates 

that O2
•− radical is not generated under light illumination (Figure S14). Therefore, the extra 

addition of H2O2 is necessary for TMB oxidation, while the adsorbed H2O2 which has 

homogeneously cleaved towards –OH groups cannot drive the reaction. This guarantees 

the P-TiO2 holds the behavior of peroxidase-like rather than oxidase-like 

photonanozymatic activity, thereby achieving its catalytic specificity.  

Thus, for exploring the role of TiO2 PNZs in the reaction between TMB and H2O2, the 

study on the adsorption of TMB on P-TiO2 is a prerequisite step. We performed the X-ray 

photoelectron spectroscopy (XPS) for TiO2 that was treated with H2O2 and TMB 

consequently (P-TMB-TiO2). Figure 3E shows that the Ti2p spectrum of P-TMB-TiO2 is 

composed of two peaks at 458.7 eV (belonging to Ti2p 3/2) and 464.5 eV (belonging to Ti2p 

1/2), which is consistent with the XPS results of the TiO2 and P-TiO2. In the O1s XPS 

spectrum of P-TMB-TiO2 (Figure 3F), the peak at 529.8 eV indicates the presence of Ti–

O, while the separated peak at 531.7 eV should be attributed to Ti–OH. The peak at 533.4 

eV is an obvious Ti–O−OH peak.43 44 To investigate the status of oxygen bridge bond in 

Ti–O−OH and the evolution of the surface species on P-TMB-TiO2 under TMB oxidation 
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reaction conditions, we performed Raman measurements in the atmosphere for TiO2 PNZs 

with a series of solutions (Figure S15). For P-TMB-TiO2, the Raman band at 885 cm−1 

belonging to Ti–O−OH peak is observed. This is ascribed to the peroxo (O−O) functional 

group from H2O2, which forms the peroxo-titanium bond (Ti−O−OH) through the 

interaction with a Ti atom.40-42 Interestingly, for P-TiO2, the Ti−O−OH bond is not detected 

by Raman, which is consistent with the XPS results (Figure 3D). This indicates that TMB 

helps the heterolytic cleavage (towards −O−OH and −H) rather than the homolytic 

cleavage  (towards −OH) of H2O2, promoting the production of Ti−O−OH as a bridge 

between TMB, H2O2, and TiO2.
45 Accordingly, from the XPS and Raman results, we 

rationally speculate that the cracking of H2O2 on TiO2 is depressed with the addition of 

TMB by forming a hydrogen bond, reaching a competitive adsorption equilibrium between 

TMB and H2O2 on the surface of TiO2. In addition, the above results suggest that Ti−O−OH 

is extremely unstable and reactive, which may only shortly exist in the solution system. 

 
Figure 4.  Proposed mechanism for the light-empowered peroxidase-like photonanozymatic 

reaction of TiO2 PNZs. (A) ESR spectra of different DMPO-TiO2 systems under light irradiation. 

•OH was trapped in an aqueous solution. (B) The UV-vis absorption of oxTMB representing the 

photocatalytic activity of TiO2 for TMB oxidation under light illumination with the addition of 

different scavengers (DMPO, EDTA, and KBrO3). In panels A and B, the concentrations of 

reactants are as follows. H2O2: 10 mM, TMB: 208 μM, TiO2 PNZs: 25 μg mL−1, Scavengers: 10 

mM. (C) Plausible reaction pathway for TiO2 PNZs. The colorful arrows (orange, green, and blue) 

present different charge carrier transmission routes. 
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Above results demonstrate the optical and structural features of the substrates adsorbed 

TiO2 PNZs, suggesting that H2O2 plays an important role in promoting charge transfer and 

improving the photocatalytic performance of TiO2 PNZs under illumination. It is generally 

accepted that the photocatalytic oxidation is ascribable to the reactive oxygen species.40, 44 

Accordingly, we used DMPO as a free radical scavenger in the ESR spectroscopy analysis 

for reactions under light illumination.46 When H2O2 is added to TiO2 PNZs, the ESR signal 

of •OH radical appears a characteristic quartet signal (1:2:2:1) (Figure 4A, curve a), while 

the parallel reaction displayed no signals (Figure 4A, curve f and g). The same ESR signal 

in acetate buffer (Figure 4A, curve b) substantiates the existence of •OH radicals in the 

peroxidase-like photonanozymatic reaction condition. Moreover, the formation of •OH 

radicals was further confirmed by the oxidation of terephthalic acid (TA), as •OH radicals 

can convert terephthalic acid to 2-hydroxyterephthalic acid (Figure S16). Meanwhile, we 

also performed the ESR test of free •OH for different reaction systems in the dark (Figure 

S17), which further verifies that •OH is only present during the photocatalytic reaction.  

We next aimed to investigate the source of the generation of •OH for figuring out the 

photoenzymatic mechanism of TiO2 PNZs in the presence of H2O2 and TMB. For 

nanozymes, most mechanism studies have shown that the peroxide properties of peroxidase 

mimics are generally produced by catalyzing H2O2 to produce •OH.40, 44 Photogenerated 

electrons of semiconductor photocatalysts are easily excited from the valence band (VB) 

to the conduction band (CB). Therefore, for both TiO2 with and without H2O2, the 

comparison of transient open-circuit photovoltage decay (OCP) measurements under 410 

nm illumination and in the dark was carried out first (Figure S18). The results suggest that 

H2O2 can decrease the recombination rate of photo-excited charge carriers generated on 

TiO2 under light irradiation.47 Consequently, hot charge carriers are transmitted to the 

adsorbed H2O2, which generates •OH radicals. 

Furthermore, we added free radical scavenger agents DMPO into the system of TiO2 
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PNZs-catalyzed TMB oxidation by H2O2 to verify the influence of free radicals on the 

catalytic properties of PNZs (Section 11.4, Supporting Information). However, the 

absorbance of oxTMB only slightly decreased during the entire reaction, as shown in 

Figure 4B and Figure S19A. Obviously, free •OH radicals may not be the only reason for 

the oxidation of TMB under the 410 nm light. Hence, we were inspired by the above results 

to further explore the roles of hot carriers in this peroxidase-like photonanozymatic system. 

The hot hole scavenger EDTA and electron scavenger KBrO3 were added into the reaction 

solution, respectively (Figure S19B, C).48 On one hand, EDTA was used as an electron 

sacrificial agent to clear the holes and the generation of •OH radicals was measured by 

ESR spectroscopy using DMPO as a free radical trapped agent (Figure 4A, curve c). A 

characteristic quartet signal (1:2:2:1) is also clearly shown in the ESR spectra, indicating 

the generation of •OH radicals in the presence of hot electrons. Although, once the holes 

are cleared with the addition of EDTA, the generation of oxTMB is also decreased (Figure 

4B). Thus, it is rationally speculated that the hole may be another important initiator for 

TMB oxidation. On the other hand, KBrO3 was used as a hole sacrificial agent to clear hot 

electrons (Figure 4A, curve d). With DMPO as a radical trapping agent for ESR 

spectroscopy, no •OH radical signal peak is shown. This may result from the consumption 

of hot electrons by KBrO3, which depresses the trapping of hot electrons by H2O2 and the 

generation of •OH radicals. Simultaneously, the holes are able to transfer to the adsorbed 

Ti−O−OH bond on the TiO2 surface, generating adsorbed •O radicals.49 The addition of 

KBrO3 clears the hot electrons, but brings an increase of the TMB oxidation, as is shown 

in Figure 4B. This further confirms that holes are an essential source for the generation of 

oxTMB. Therefore, in addition to hot electrons that are absorbed by H2O2 to form •OH 

radicals for driving the POD-like photonanozymatic reaction, hot holes can also attack 

Ti−O−OH to generate adsorbed •O radicals (as ESR detects no •OH radical signal, shown 

in Figure 4A, curve e), further producing •TMB free radicals.50 Above results explicate that 

both two kinds of hot carriers play vital roles in the light-empowered reactivity of TiO2 as 
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a POD-like PNZs.  

Thus, the properties of peroxidase-like TiO2 PNZs are dominated by the combination 

of oxidative activities from both hot electrons derived •OH radicals and hot holes. 

Therefore, the mechanism of the light-empowered TiO2 PNZs with a POD-like catalytic 

specificity is proposed (Figure 4C). First, H2O2 can be adsorbed on anatase TiO2 to form 

homo-cleaved −OH groups on the TiO2 surface (a to b),40-42, 49, 51, 52 hindering the activation 

of O2 by occupying the oxygen vacancies of TiO2. At the same time, H2O2 also undergoes 

heterolytic cleavage to generate a peroxo-oxygen bridge (Ti−O−OH) between TiO2 and 

H2O2 in the presence of TMB, which forms a hydrogen bond with H2O2 (a to c). Second, 

at 410 nm light irradiation, the hot electrons excited on TiO2 directly transfer to the 

adsorbed H2O2 (orange arrow) to produce •OH radicals (c to a), which is further reduced 

to water by TMB. Meanwhile, in structure c, TMB releases an electron to the peroxo-

oxygen bridge (blue arrow) to generate •TMB radicals (c to d). Finally, hot holes directly 

capture electrons from the peroxo-oxygen bridge (green arrow) to generate adsorbed •O 

radicals, while the adsorbed •O radicals on TiO2 interact with another TMB molecule, 

allowing a second way to the formation of •TMB radicals and the recovery of TiO2 (d to 

a). In summary, H2O2 is decomposed by TiO2 PNZs to yield water at 410 nm light 

irradiation, enabling the formation of oxTMB. 

2.4. Construction of biosensors for glucose detection  

Based on the excellent peroxidase-mimicking property of TiO2 PNZs, we built a GOx-

TiO2 PNZs-TMB system for the determination of glucose (Figure 5A). To improve the 

performance of the biosensor, the concentration of photonanozymes, pH of the reaction 

system, reaction temperature, and incubation time were optimized (Figure S20). Under the 

optimized conditions, as the glucose concentration increases, the absorbance at 652 nm 

rises accordingly, along with an obvious color variation from colorless to blue (Figure 5B). 

As depicted in Figure 5C, a good linear relationship between the absorbance at 652 nm and 

glucose concentration is established in the range from 0.5 to 100 μM with R2=0.995. The 
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limit of detection (LOD) for glucose in acetate buffer was calculated to be 0.497 μM at a 

signal-to-noise ratio (S/N) of 3, indicating the high sensitivity of the TiO2 PNZs for glucose 

detection. In order to evaluate the selectivity of the proposed colorimetric sensor, a variety 

of common analogues and ions were tested. In the case of the same substrate concentration, 

only glucose produces a significant change in solution color whereas the reactions with the 

above substances stay colorless (Figure 5D), indicating the proposed sensing system 

displays a good identification specificity for glucose.  

 

Figure 5. Glucose sensing with POD-like TiO2 PNZs. (A) Schematic illustration of colorimetric 

detection of glucose. (B) The UV-visible absorption spectra of oxTMB with different glucose 

concentrations. (C) The linear calibration plots for glucose detection (Inset: the corresponding color 

changes). (D) Selectivity of TiO2 PNZs sensor. Inset: the photograph of the color changes of 

different substances. All the concentrations are 100 μM. (E) Schematic diagram of agarose hydrogel 

colorimetric detection of glucose. (F) Linear calibration plot between blue channel value and 

glucose concentrations. TMB: 400 μM, GOx: 1.25mg·mL−1, TiO2 NPs: 250 μg·mL−1, 0.2 M acetate 

buffer solution (pH 4.5), the concentration of glucose is from 1 to 300 μM, 410 nm light irradiation 

for 30 min.  

 

In order to broaden the practicality of the GOx-TiO2 PNZs-TMB colorimetric 

biosensing system, we constructed an agarose-based hydrogel colorimetric platform for 

glucose detection (Figure 5E). To assess the potential of the hydrogel biosensing system, 

the photograph of the final reaction solution was captured by a smartphone (iPhone XR). 
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The three optical channels (Red, Green, and Blue) levels of the resulting photograph were 

extracted with a smartphone application (Universal color) which could output the RGB 

value corresponding to the color of the photograph (Figure 5F and Figure S21). The results 

indicate that all of the three-channel levels increase linearly with the increase in glucose 

concentration. By using the blue channel, the best linear relationship (R2 = 0.990) between 

the blue value and glucose concentration was obtained in the range of 1 to 50 μΜ with a 

LOD of 8.8 μM (Figure 5F). The best linear performance of the blue channel is attributed 

to the characteristic absorbance of oxTMB at 652 nm, which corresponds to the blue color 

in the spectrum. These results indicate that the proposed biosensing platform is expected 

to achieve the visualization and quantitative evsaluation for glucose in resource-limited 

areas. 

3. Conclusion  

In summary, the specific peroxidase-mimicking property of TiO2 PNZs has been 

demonstrated exclusively under light irradiation. TiO2 PNZs do not exhibit oxidase-like or 

catalase-like activity, attesting to the catalytic specificity. We elucidate that the adsorption 

of H2O2 on the surface induces the modification of optical and structural property of TiO2 

PNZs, while the presence of the other co-substrate (e.g., TMB) facilitates a competitive 

adsorption performance between TMB and H2O2. Furthermore, the delicate equilibrium 

and reactive bond are easily broken by the hot electrons and hot holes that excited on TiO2 

PNZs under irradiation. The driving force of the POD-like photonanozymatic reaction is 

corroborated to be the light energy absorbed by TiO2 PNZs. In addition, a cascade 

biosensing platform was established on the basis of TiO2 PNZs for colorimetric sensing of 

glucose in a simple and visual way. This study exemplifies an efficient and cost-effective 

photoenzyme-mimicking strategy, which extends the scope of photoenzymatic reactions 

and the field of nanozymes. 
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