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A B S T R A C T

TiO2 inverse opal photonic crystals (IOPCs) were fabricated by using polystyrene template. TiO2 IOPCs based
photoelectrochemical (PEC) biosensor was fabricated for the precise and stable detection of Heme without ex-
ternal irradiation. Then, the sensitization of TiO2 IOPCs was fulfilled with CdS quantum dots (QDs) by SILAR
method to form ITO-TiO2 IOPCs–CdS:Mn electrode, which in turn was used to construct a PEC biosensor. The
uniform porous structure of IOPCs with a large surface area is conducive to the excellent electronic transmission
and QDs deposition. Also, the energy level matching between the conduction bands of CdS QDs and TiO2 IOPCs
widened the range of light absorption, allowing for electron injection from excited CdS QDs to TiO2 upon lu-
minol chemiluminescence, which enhanced the photocurrent. Furthermore, when the red edge of the photonic
stop band of TiO2 IOPCs overlapped with the band gap of TiO2, and chemiluminescence emission of luminol, a
substantial photocurrent increment was observed due in part to the slow light effect. The biosensor possesses a
large linear detection range of 0.063–4mM with a LOD of 19 μM for H2O2. Also, xanthine oxidase activity was
determined with a linear measurement range of 0.01–15 mU/mL. Our strategy opens a new horizon to IOPCs
based and QDs sensitized PEC sensing, which could be more sensitive, convenient and inexpensive for clinical
and biological analysis. As far as we know, the largest photocurrent generation by luminol chemiluminescence
was observed thanks to the use of semiconducting hybrid IOPCs material even at 0 V.

1. Introduction

The photoelectrochemical (PEC) biosensors are a hot topic in bio-
sensor area and yield beneficial features, such as high sensitivity, low-
cost production, facile operation, low background signal due to the
utilization of the separate sources for excitation and detection (Zhao
et al., 2017a). The PEC process refers to photon-to-current conversion
within photoactive materials excited by light and includes the steps of
photo-generated charge separation and transfer, oxidation-reduction
reactions, and finally photocurrent generation (Çakıroğlu and Özacar,
2018). Also, PEC systems allow precise analysis at 0 V vs Ag/AgCl,
which usually cannot attain by electrochemical biosensors (Akkaya
et al., 2018).

Hitherto, titanium dioxide (TiO2) has been widely used in the PEC
systems as a photoactive supporter and charge collector, due to its non-
toxicity, low-cost fabrication, high PEC stability, and good biocompat-
ibility (Zhu et al., 2016). However, the excitation of TiO2 is limited to

the UV region below 430 nm, which could cause destructive effects for
biomolecules, weakly visible light utilization, and high recombination
rate of photo-generated charges. Overall, the low absorbance of visible
light is one of the bottlenecks for the thin films of large-band gap
semiconductors (Liu et al., 2017). To enhance photon collection, re-
searchers have tended to broaden the absorption spectrum of semi-
conductors into visible region, and boosted the absorption efficiency via
chemical routes such as element doping (Ansari et al., 2016), noble
metal nanoparticles (NPs) deposition (Çakıroğlu et al., 2019), sensiti-
zation (Çakar and Özacar, 2017), p-n heterojunction formation, and
physical route viz. increasing the path length of light by scattering and/
or resonance, and accomplishment of the slow light effect in inverse
opal photonic crystals (IOPCs) (Xu et al., 2015).

Currently, TiO2 IOPCs have provided advanced photon management
to enhance PEC energy conversion of semiconductors by trapping the
light with multiple scattering of a certain wavelength range in the
IOPCs, which intensifies the light-matter interactions without chemical
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modification for more excitation (Rinne et al., 2008; Qi et al., 2014a).
IOPCs possess the advantages of photonic crystals including the slow
light effect, lightweight, high surface area, and deliberately designed
3D porous architecture with easily controlled pore size (Zalfani et al.,
2015; Stein et al., 2008). IOPCs possess a photonic stop band (PSB),
which forbids light of certain frequencies from propagation, thus in-
crease the effective optical path length and interaction within the ma-
terial, leading to an improvement of PEC response (Zhang et al., 2014;
Xia et al., 2014). IOPCs can enhance light harvesting efficiency by
multiple mechanisms. Firstly, the periodic macropores structure of the
TiO2 IOPCs allows the light to penetrate deep into the film, enable
multiple light reflection and scattering within the structure by leading
to the increasing light absorption (Stein et al., 2008; Liao et al., 2010).
Secondly, the uniform macroporous channels increase the accessible
surface area, mass transportation, shorten the distance of electron dif-
fusion and reduce the electron-hole recombination rate (Stein et al.,
2008; Kwak et al., 2009). More importantly, at the red and blue edge of
PSB, the group velocity of the light is significantly decreases, owing to
the effect of nonlinear dispersion, creating slow light effect (Zhang
et al., 2014; Qi et al., 2014b). The slow light effect can considerably
increase the effective optical path length, by leading to a delay and
storage of light in IOPCs (Eftekhari et al., 2017). When the energy of
slow photons is in resonance with the band gap of the semiconductors
with low absorbance, the photon absorption can be enhanced (Qi et al.,
2014b). The diffuse distance from the surface of pore structure was
shorter than the surface, which reduced the recombination of electrons
(Zalfani et al., 2015). Recently, the combination of physical and che-
mical routes has led to the excellent PEC performance. CdS quantum
dots (QDs) with a narrow band gap of ∼2.4 eV is a commonly used
semiconductor in PEC systems (Golub et al., 2012). However, QDs as
photoactive materials usually suffer from the issues such as relatively
low quantum yield, low charge separation, and photoluminescence
blinking (Wang et al., 2017). The low PEC efficiency of CdS QDs has
been overcome by incorporating CdS into IOPCs material by yielding
unprecedented PEC response and stability, and this system can be used
in PEC biosensing systems.

In this study, we aimed to enhance luminol chemiluminescence (CL)
resonance energy transfer through the slow light effect in inverse opal
TiO2 based PEC biosensor for the first time. In addition, the external
light intensity is linearly proportional to the analyte concentration,
which leads to even more enhancement in the sensitivity of PEC bio-
sensing system compared to ordinary PEC biosensors. To this end, we
designed a novel ITO-TiO2 IOPCs–CdS: Mn electrode to maximize
photon absorbance at the electronic absorption edge, and CL triggered
PEC biosensing system was fabricated for H2O2 and xanthine oxidase
activity detection at 0 V viz. on self-powered mode without intricate
procedures. The photocurrent of modified electrode was found to be 22
times larger than that of thin film modified electrode, due to the slow
light effect and multiple scattering of IOPCs structure.

2. Materials and methods

2.1. Preparation of polystyrene colloidal crystal template arrays

The ITO electrodes (75mm length×25mm width×1.1mm
thickness; surface resistivity 8–12 Ω/sq) were sequentially pre-cleaned
by sonication in acetone, sodium hydroxide solution (1M), in ethanol/
water mixture (1:1, v/v), and water for 15min, before being dried in a
vacuum oven. Next, polystyrene (PS) colloidal crystal template arrays
were self-assembled using the vertical deposition process. In a 10mL
beaker, 5 mL of PS suspension was ultrasonically dispersed, and an ITO
substrate was vertically placed in the PS suspension. The beaker was
placed in an oven at 70 °C for 24 h for the evaporation of the solvent to
achieve a self-assembled face-centered cubic PS opal template on the
ITO.

2.2. Preparation of TiO2 inverse opal photonic crystals

Subsequently, the TiO2 inverse opal structure was obtained through
dip-coating and calcination. The sol-gel precursor solution was pre-
pared as follows. 5.6mL TIP, 45 mL ethanol and 1mL acetylacetone
were mixed and stirred, after which 0.85mL hydrochloric acid and
4.6 mL deionized water (DW) were added into the mixture, and stirred
for 1 h. Next, PS templates were dipped into the as-prepared precursor
solution once for the infiltration of precursor solution into the voids in
the opal template by capillary force. The dip-coated electrodes were
kept in the oven at 75 °C for 24 h, and then calcined at 450 °C for 30min
(heating rate was 1 °C/min) to remove the PS template, and obtain
anatase form. The obtained electrode is designated as ITO-TiO2 IOPCs.
Also, the same amount TiO2 precursor was used to form ITO-TiO2 thin
film electrode for the comparison of the performances.

CdS:Mn was deposited on the electrode surface by successive ionic
layer adsorption and reaction (SILAR) technique. The TiO2 IOPCs
coated ITO electrodes were dipped into 0.1M cadmium acetate mixed
with 0.08M manganese(II) acetate in methanol for 2min, rinsed with
ethanol and then immersed into 0.1M sodium sulfide in DW for 2min,
again rinsed with ethanol. This cycle was repeated up to 14 times. The
products were dried at 60 °C in an oven.

3. Results and discussion

3.1. Properties of IOPCs

Fabrication of the ITO-TiO2 IOPCs–CdS:Mn electrode was illustrated
in Scheme 1A. The resulting products displayed strong opalescence
under incident light. The top-view TEM image of the TiO2 IOPCs
structure showed face-centered-cubic (fcc) ordering of air spheres in a
long-range well-ordered hexagonal arrangement over the entire sample
with a close-packed plane (111) oriented parallel to the substrate
(Fig. 1A, B, C). The center-to-center distance of IOPCs was found to be
185 nm, which is about 30% smaller than the original size of the PS
sphere due to the shrinkage of spheres' diameters during calcination.
The CdS:Mn precursor solution can easily penetrate into the TiO2 IOPCs
owing to its high porosity. As a result, a uniformly deposited CdS:Mn
NPs could be observed on the surface of IOPCs (Fig. 1D). The pore size
is further reduced to 160 nm, and the thickness of the deposited CdS:Mn
NPs was estimated to be ca. 7.5 nm. Fig. 1E shows the high-resolution
TEM (HRTEM) image of the CdS:Mn QDs on IOPCs, and two different
fringe spacings were determined to be ∼0.36 nm and ∼0.25 nm, which
correspond to (101) lattice plane of anatase TiO2 and (102) lattice plane
of QDs, respectively. The energy dispersive X-ray spectrum of ITO-TiO2

IOPCs–CdS:Mn evidently confirms the existence of Ti, O, Cd, Mn and S
elements (Fig. S1). Strong peaks for Ti and O indicate the abundance of
TiO2. To further determine the specific distribution of Ti, O, Cd, S and
Mn elements, EDX mappings of ITO-TiO2 IOPCs– CdS:Mn were taken
(Fig. 1F). It can be clearly seen that the distribution of Ti and O ele-
ments is homogeneous and the corresponding location of O matches
well with that of Ti. Moreover, the distribution of Cd, S, and Mn mainly
disperses on the surface of IOPCs.

Owing to the fact that the structure of IOPCs could increase ab-
sorption of incident light of certain wavelength, we investigated how
the change of PSB influenced on the absorption of incident light.
Theoretically, the normal positions of the PSBs in fcc opal and inverse
opal PCs can be tuned by varying the size of PS spheres, and estimated
by Bragg's law of diffraction combined with Snell's law as the following
equation (Xia et al., 2014):

= −λ D n θ2 2
3

sineff
2 2

(1)

= + −n n φ n φ(1 )eff solid medium (2)

λ is the wavelength of the photonic stop band, D is the pore size of the
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IOPCs, θ is the angle of incident light, which is 0° in this study, neff is the
effective refractive index of IOPCs, nsolid and nmedium are the refractive
index of TiO2 (2.54) and the medium within the pores, viz. Tris-HCl
buffer (1.35), and air (1.00) respectively. φ is the IOPCs phase volume
percentage, which corresponds to 0.26 for a closed-packed inverse opal
structure. Fig. 2A shows the reflection spectra of thin film and IOPCs
while varying the microsphere diameters. The reflection peaks re-
present the PSB of the structures. The stop bands wavelengths increased
with enlarging diameter of PS spheres. Also, in Fig. 2B, the location of
the PSBs displays a linear relationship with the pore size of IOPCs.

UV–Vis light absorption spectra have further confirmed the location
of the stop bands of TiO2 IOPCs in Tris-HCl buffer (Fig. 2C). An incre-
ment of light absorption in red and blue edge of PSB was observed for
each TiO2 IOPCs, and the enhancement shifts progressively to longer
wavelengths with increasing pore diameter. The data of the PSBs were
listed in Table S2. Herein, the calculated PSB were calculated according
to Eq. (1) and the measured PSBs were estimated from Fig. 2A, and C.
The difference between the calculated and measured PSB values origi-
nates from the incomplete infiltration of TiO2 precursor, which makes φ
in Eq. (1) smaller than 0.26, and the shrinkage of spheres' diameters
during calcinations (Qi et al., 2014b). Nevertheless, enhanced absorp-
tion regions are at the edge of photonic stop bands results from the slow

light effect, which implies that light has its highest amplitude in the
high refractive index part of IOPCs. Herein, light waves are localized in
different parts of the structure, depending on their energy, and thus
IOPCs interact more strongly with the red edge photons of the PSB
compared to the blue edge photons (Liao et al., 2010). Therefore, light
absorption of the IOPCS modified electrodes can be stronger by ad-
justing the band gap to red side of the PSB. It must be kept in mind that
when the absorption peak overlaps the PSB, the group velocity of light
is faster than that at the edge of the PSB, and light-matter interaction
decreases. According to Rayleigh scattering, the intensity of scattering
is inversely proportional with the fourth power of the wavelength.
Hence, photons in the blue spectral region should be more efficiently
backscattered by the defects in the IOPCs (Wang et al., 2008).

In Fig. 2D, upon CdS:Mn sensitization, enhanced light absorption
occurs near the blue and red edge of a PSB centered at 490 nm, and the
absorption spectrum blue shifted due to the diminishment in the dia-
meter of IOPCs by covering the high energy wavelength range of CL.
The gain in light harvesting is attributed to the trapping light in IOPCs,
and slow light effect combining with the great CL absorbance of CdS:Mn
QDs. Also, in Fig. 2D, the absorption spectrum of intact electrode
overlaps with the CL spectrum of luminol (λmax= 438 nm), and sub-
stantial light absorption at the red and blue edge of the PBG was

Scheme 1. A. Illustration of the fabrication process of ITO-TiO2 IOPCs– CdS:Mn electrode, B. Multiple CL scattering inside IOPCs, C. Photo-generated electron
transfer through the PEC biosensor.
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observed.
Fig. 3A shows the photocurrent spectra of electrodes under mono-

chromatic illumination as a function of the wavelength of the incident
light. ITO-TiO2 IOPCs electrodes shows a significant response nearly in
the CL region of luminol. Herein, IOPCs can enhance light harvesting

efficiency by multiple mechanisms. Firstly, the open macroporous
structure of the TiO2 IOPCs allows the light to penetrate deep into the
film, circulate inside semiconductor IOPCs. Also, the periodic structure
and the interconnected network can enhance light absorption, and
shorten the distance of electron diffusion, and facilitate the capability of

Fig. 1. The top-view TEM images of A, B, C. ITO-TiO2 IOPCs, and D. ITO-TiO2 IOPCs– CdS:Mn, E. HRTEM image of ITO-TiO2 IOPCs– CdS:Mn, F. Elemental mapping
images of ITO-TiO2 IOPCs– CdS:Mn.
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electron transfer (Zalfani et al., 2015; Kwak et al., 2009). The light near
its frequency edges of PSB undergoes multiple scattering and travel
with strongly reduced group velocity, which gives rise to the slow
photon effect enabling enhanced light-matter interaction, and improved
light absorption without chemical modification (Zalfani et al., 2015).
Also, at the red edge of the PSB, the incident light is localized on the
dielectric material viz. TiO2. The red edge of the PSB of ITO-TiO2

IOPCs–CdS:Mn was tuned by overlapping with the electronic absorp-
tion band edge of the electrode (3.08 eV; 410 nm), which lies in the CL
emission of luminol, and this, in turn, gives rise to an increased gen-
eration of electron-hole pairs and higher photocurrent generation due
in part to the longer photon lifetime in the IOPCs, high CL absorption of
QDs. All of the above indicates that CL could be effectively utilized for
PEC sensors, in which the transportation and separation of photoexcited
charge carriers are efficient in the material.

The optical band gaps of the obtained PEC systems were calculated
according to the Tauc formula below (Çakıroğlu and Özacar, 2018):

= −α A hν E hν. ( ) /g
n (3)

A is a constant, α is the absorption coefficient, hν is the energy of
electromagnetic irradiation, Eg is the optical band gap of the materials
and the exponent n depends on the type of transition and have values 1/
2, 2, 3/2 and 3 corresponding to the allowed direct, allowed indirect,
forbidden direct and forbidden indirect transitions, respectively.
Herein, n corresponds to 2 for both materials (indirect transition). The

optical band gap values were calculated by extrapolating the straight
line portion of (αhν)1/n versus hν as shown in Fig. 3B, and the band gaps
were found to be Eg= 3.18 eV (390 nm) for ITO-TiO2 IOPCs, and
Eg= 3.05 eV (407 nm) for ITO-TiO2 IOPCs–CdS:Mn, respectively. Thus,
CdS:Mn NPs reduced the intact electrode band gap to the wavelength,
which is more beneficial for the absorption of luminol CL in the PEC
biosensing system.

According to the linear sweep voltammetry (LSV) measurements,
the potential value became constant at 0 V, which is beneficial for self-
powered operation (Fig. 3C). Also, the increasing potential displayed
rapid, and substantial current change, probably owing to the oxidation
of the composite, and negative potential from −0.1 V can inhibit the
electron transfer from the electrode composite to the electrode by
leading to high electron-hole recombination. Thus, 0 V was chosen as
operation potential to construct self-powered biosensor.

3.2. PEC electron transfer through ITO-TiO2 IOPCs–CdS:Mn electrode

To clearly understand the PEC sensing process, a schematic illus-
tration of the principles of luminol CL triggered PEC determination of
H2O2, and xanthine oxidase activity based on light intensity was illu-
strated in Scheme 1B. The putative type II (staggered) junction for-
mation was demonstrated in Scheme 1C. Upon chemiluminescent illu-
mination, the simultaneous excitation of TiO2 IOPCs and CdS:Mn NPs
leads to the formation of electron-hole pairs in each of the

Fig. 2. A. Reflectance spectra of ITO-TiO2 thin film, and ITO-TiO2 IOPCs (Spectra were recorded in air and at the normal (θ=0°) direction), B. Dependence of PSB
positions on PS sphere diameter, C. UV–visible absorbance spectra of ITO-TiO2 thin film, and ITO-TiO2 IOPCs (Spectra were recorded in Tris-HCl buffer and at the
normal (θ=0°) direction), D. Luminol emission spectrum, and absorbance spectrum of electrodes.

B. Çakıroğlu and M. Özacar Biosensors and Bioelectronics 141 (2019) 111385

5



semiconductors. As shown in Scheme 1C, the conduction and valence
band edges are −3.9 eV and −7.6 eV for TiO2 and -3.5 eV and −5.6 eV
for QDs. The conduction band edge of QDs is higher than that of TiO2.
Therefore, the effective matching of the conduction bands of semi-
conductors leads to the easy transportation of the photogenerated
electrons from the conduction band of CdS:Mn QDs to ITO electrode
through TiO2 IOPCs. This process effectively suppresses the charge re-
combination of QDs and extends their light-capturing ability by leading
to an improvement in the photocurrent generation. Also, the large va-
lence band energy barrier between the CdS:Mn QDs and TiO2 IOPCs
facilitates the transportation of photogenerated holes from the valence
band of TiO2 IOPCs to that of CdS:Mn. Consequently, CdS:Mn QDs
sensitized TiO2 IOPCs enhances the absorption of luminol CL, along
with the improvement of the separation of photo-generated charges.
TEA was used as an electron donor to scavenge the photogenerated
holes in CdS:Mn QDs.

3.3. Photocurrent generation by ITO-TiO2 IOPCs–CdS:Mn electrode and
H2O2 and XOD activity measurements

Fig. 3D displays the photocurrent generations of the different photo-
electrodes in TEA containing 0.1 M Tris-HCl buffer (pH 9.0). The bare
ITO electrode generated a small photocurrent response under luminol
CL. The TiO2 thin film coated electrode increased the photocurrent to

some extent. Although TiO2 is excited with UV radiation, it can also
undergo excitation under CL emission (Tan et al., 2016). The photo-
currents of the TiO2 IOPCs were superior to the TiO2 thin film prepared
by the similar way without using the PS sphere. This finding can be
attributed to the excellent features of IOPCs, such as slow light effect
and multiple scattering of inverse opal structure (Zhang et al., 2014;
Boppella et al., 2017). Also, high specific surface area leads to the
improvement of luminol CL absorption. Especially, the PSB of ITO-TiO2

IOPCs prepared with PS spheres with 265 nm diameter is in the vicinity
of 390 nm, which is near the band absorption of TiO2 (3.18 eV).
Therefore, this electrode exhibited the highest photocurrent generation
among all four IOPCs due to the blue edge of PSB overlapped well with
the band absorption of TiO2, and some part of the luminol CL emission
includes this wavelength range. In IOPCs, the wavelengths below the
PSB could only cause to the strong light scattering, which enhance
photocurrent (Collins et al., 2016). Therefore, ITO-TiO2 IOPCs elec-
trodes prepared with PS spheres with 355, and 450 nm diameter
showed the high photocurrent after ITO-TiO2 IOPCs (265). ITO-TiO2

IOPC (265) electrode was sensitized with Mn-doped CdS QDs, and the
photocurrent substantially increased by an order of magnitude owing to
the fact that the band gap of the electrode shifted to the blue edge of the
PSB of ITO-TiO2 IOPC (265)-CdS:Mn and most part of the luminol CL
emission includes this wavelength range by leading to the slow light
effect in inverse opal structure. Thus, significant enhancement of light

Fig. 3. A. Photocurrent-wavelength curve of a. ITO-TiO2 thin film, b. ITO-TiO2 IOPCs, and c. ITO-TiO2 IOPCs– CdS:Mn, B. Kubelka-Munk function versus energy of
light plots of a. ITO-TiO2 IOPCs, b. ITO-TiO2 IOPCs– CdS:Mn (inset: pristine ITO), C. The potential vs. photocurrent generation curves, D. Time-dependent photo-
current generation of a. ITO, b. TiO2 thin film, c. ITO-TiO2 IOPCs (170), d. ITO-TiO2 IOPCs (265), e. ITO-TiO2 IOPCs (355), f. ITO-TiO2 IOPCs (450), g. ITO-TiO2 thin
film– CdS:Mn h. ITO-TiO2 IOPCs– CdS:Mn under luminol CL at 0 V.
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harvesting induced by the slow light effect increased the photocurrent
generation. According to Fig. 2D, the absorption in high energy wave-
length of CL emission also increased, which resulted in increased pho-
tocurrent generation. The porous structure of IOPCs provide long-range
ordered paths for electron transport throughout the interconnected
periodic structure, which results in improved charge migration (Kwak
et al., 2009). Also, IOPCs facilitated Heme, and substrate movement in a
highly ordered channel coupled with an enhanced photon scattering,
and absorption by the slow photon effect.

The photocurrent measurements were taken in TEA solution in 0.1
Tris-HCl buffer (pH 9.0). The water reduction by photo-generated
electrons was realized on the Pt electrode by producing H2. Fig. 4A
presents the photocurrent vs. time curves of ITO-TiO2 IOPC-CdS:Mn
electrodes at different H2O2 concentrations. The photocurrents were
linearly increased up to 4mM, then reached a plateau (Fig. 3B), which
comply with the Michaelis-Menten kinetics (Çakıroğlu and Özacar,
2017). According to the linear part of the graph, the equation was found
to be I (μA) = 0.3477.C (mM) + 0.56 (R2= 0.9951) (Fig. 3B inset)
with the sensitivity of 0.35 μAmM−1cm−2. The limit of detection (LOD)
based on 3x(standard deviation of 10 blank measurements/sensitivity)
was calculated as 19 μM. The limit of quantification based on 10x
(standard deviation of 10 blank measurements/sensitivity) was esti-
mated to be 63 μM. The performance comparison was given in Table 1.
When compared to the literature, a large measurement range for H2O2

was observed at 0 V operation voltage, which is of great importance in
self-powered biosensor systems. This finding comes from the linear

catalysis rate by Heme at large H2O2 concentration range (Zhang and
Oyama, 2004). The reported studies utilized the intense incident lights,
thus larger sensitivity values were observed compared to the current
study.

Nowadays, XOD activity determination is of great importance, and
serves as a sensitive indicator of various liver disorders. XOD can oxi-
dase the hypoxanthine to xanthine, and then uric acid by releasing
hydrogen peroxide in each step. Therefore, a large amount of H2O2 can
induce the CL. By using PEC biosensor, the XOD activity was measured
in Tris-HCl buffer (0.1 M, pH 8.0). Herein, XOD exhibited the optimum
enzyme activity at pH 8.0 and this pH was chosen for the XOD activity
detection. According to Fig. 4C, photocurrent increased linearly in the
XOD activity range of 0.01–15 mU/mL. Therefore, XOD activity was
determined in a low-cost, and self-powered mode for the first time.

4. Conclusions

In summary, we have designed a novel ITO-TiO2 IOPCs–CdS:Mn
electrode to maximize photon absorbance at the electronic absorption
edge, and its luminol CL triggered PEC biosensing properties were
carefully studied for H2O2, and xanthine oxidase activity detection. The
photocurrent of modified electrode was 22 times larger than that of thin
film modified electrode, due to the slow light effect and multiple
scattering of IOPCs structure. In addition, the employment of external
light leads to even more improvement in the sensitivity of PEC bio-
sensing system compared to ordinary PEC biosensors by substantially

Fig. 4. A. Photocurrent response of ITO-TiO2 IOPCs– CdS:Mn electrode with different concentrations of H2O2 under luminol CL at 0 V, B. The photocurrent vs.
concentration graph (inset: the linear part of the graph, Error bars indicate the standard deviation of repeated 3 measurements), C. The photocurrent vs. xanthine
oxidase activity graph (inset: the linear part of the graph), D. The interfering effect on xanthine oxidase activity.
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reducing background noises. The porous structure of IOPCs with a large
surface area led to the excellent electron transmission, and QDs de-
position. PEC biosensor also showed acceptable reproducibility, and
excellent selectivity, and anti-interference property. By using green
chemistry and PEC systems with high photon-to-current efficiency va-
lues, futuristic IOPCs based PEC biosensors and biofuel cells can be
designed in the nanobiotechnology area.
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Table 1
Comparison of the performance of PEC H2O2 biosensors.

Biosensor material
Potential (V vs. Ag/AgCl) LOD (μM) Linear range (mM) Sensitivity/(μAmM−1 cm−2) Ref.

ITO-TiO2 IOPCs– CdS:Mn 0 19 0.063–4 0.35 Herein
ITO-NiO-hemin −0.05 0.1 0.0005–0.5 – Gu et al. (2015)
Au-SAM-Au NCsa −0.5 35 0–3 4.33 nAmM−1 Zhang et al. (2015)
FTO-WO3-CdS QDs 0 0.0027 5.10−6-0.1 – Wang et al. (2016)
TiC/C-WO3

b 0.64 0.003 0.01–0.5 386 Zhang et al. (2013)
FTO-ITO-CuO 0.1 180 0.1–1.0 46.4 Rehosek et al. (2016)
TiO2 NW-Ag QDs 0.15 1200 0–22.5 8.33 Yu et al. (2015)
FTO-ZnO-ZIF-8 NRsc 0.54 – 0–0.4 – Zhan et al. (2013)
Au-GO-Au NCs −0.5 2 0.03–5 25.76 nAmM−1 Zhao et al. (2017b)
ITO-Cu2O–TiO2 −0.2 0.15 0.330–16.6 181.1 Li et al. (2015)

a Gold nanoclusters.
b Carbon-doped titanium carbide.
c ZnO-ZIF-8 Nanorods.
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