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A Ratiometric Biosensor for Metallothionein Based on
Dual Heterogeneous Electrochemiluminescent
Responses from TiO, Mesocrystals formed interface

Hong Dai,” Guifang Xu,” Shupei Zhang,” Zhensheng Hong,* Yanyu Lin “*

Herein, an ultrasensitive dual-signal electrochemi-
luminescent intelligent biosensor constructed by
superstructure TiO, mesocrystals was proposed for

metallothionein detection.

Metallothionein (MT) was firstly discovered from purification of
a Cd-binding protein from horse kidney by Margoshens and Vallee
in 1957." It is a kind of intracellular proteins presenting cysteine-rich,
low molecular weight and heavy metal-binding properties.'™ Some
studies have found increased expression of MT in some cancers of
the breast, colon, kidney, liver and so on.** Moreover, MT levels
was associated with certain brain diseases such as brain infarction,
Parkinson’s disease, and Alzhemer’s disease.® Therefore, MT has
multiple roles in monitoring various diseases. Hitherto, various
methods and strategies have been used to determine MT.>” However,
these methods remain time-consuming, high cost, and complicate
operate. More importantly, these methods are single signal detection,
which always possess false-positive or false-negative results in
complex matrix. Accordingly, it is significant to delve an accurate
and inexpensive quantitative determintion of MT.

Electrochemiluminescence (ECL) is a highly sensitive technique
with low background signals and allows temporal and spatial
controll, ® which has attracted considerable attention in various fields.
Howbeit, the traditional ECL methods were designed on the basis of
a change of single detection signal, which possessed some inevitable
challenges by intensity fluctuations due to instrumental or
environmental factors, especially at very low concentrations and in
complex biological systems.’ Inspired by fluorescent ratiometric
methods, these problems could be overcame by dual-response ECL
detection.'® It is feasible to develop dual-signal ECL through
potential scanning because of the controllability of emission from
ECL emitter in the given potential range. Herein, the potential-
resolved ECL strategy based on Ru(bpy);>" and CdTe QDs is
reasonable, but the challenge in immobilizing two luminophores on a
electrode interface is still existed.

Mesocrystal , an intermediate between tradition ploycrystal and
ideal single crystal,'" can be regarded as a favorable supplement to
polycrystal and single crystal, resulting from it possesses the
advatanges of ploycrystal and single crystal. Moreover, mesocrystals
are porous structure, which are similar to zeolite.'>" Therefore,
mesocrystals not only maintain the properties of nanoparticles, but
also exhibit new effects or improved porperties, due to the large
specific surface area and high crystallinity. '*'® In recent years, the
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Scheme 1 A schematic illustration of the dual-response ECL sensor.

attention of chemists and physicists was focused on mesocrystals,
especially TiO, mesorystals (TiO, MC). To extend the application
fields of TiO, MC, we used TiO, MC to establish the dual-response
ECL sensor. The fabrication procedure of the device was presented
in Scheme 1. On the basis of porous TiO, MC, the sensing interface
could immobilized more Ru(bpy);>* by the ion exchanging
technology, and the outer Helmholtz plane (OHP) of the sensing
interface was extended, resulting in more redox reactions of
Ru(bpy)s*" occurred at the modified electrode.!” On the other hand,
TiO, MC could make the pH in the nanocomposite film higher,
leading to Ru(bpy);*" possessing strong ECL intensity in moderate
condition. In addition, TiO, MC can be employed to link MT,
because of the strong interaction between -SH and TiO, MC. This
stable interaction was attributed to the formation of a bond between
thiol group and surface Ti*" cation of TiO, MC. Furthermore, the
hydrogen bond between the MT and TiO, MC could cooperate with
S-Ti to make MT assemble tightly on the surface of TiO, MC.'® The
extended part of MT was associated with CdTe QDs via Cd-S bond,
resulting in the cathode ECL from CdTe QDs. Consequently, the
dual-response ECL sensing strategy developed by the TiO, MC-
dependent MT-regulated ECL emissions of Ru(bpy);*" and CdTe
QDs as two different ECL emitters was successfully established in
this work. Moreover, the ECL images at the two excitation
potentials were recorded, which could lay the foundation for
simultaneously  visualized detection. Additionally, the MT
biosensor-based logic gate strategy was designed. Therefore, this
designed strategy based on TiO, MC provided new opportunities for
development of biosensor systems for logic gate computation and
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sensing applications in the future and exhibit good analytical
performance in clinical diagnosis.

TiO, MC was successfully synthesized and various characteristic
techniques were provided to insight into the morphologies and
structures of TiO, MC in Fig.S-1. To further investigate the
nanomaterial, the electrochemical behaviors of the immobilized
Ru(bpy)s>" ECL sensor were collected in Fig. 2A, which showed that
electrochemical response of the Nafion-TiO, MC/Ru(bpy);*"/GCE
was larger than that case at Nafion/Ru(bpy);> /GCE. According to
the anodic peak area, the surface coverage amount of Ru(bpy);”"
immobilized on the Nafion-TiO, MC/GCE was 1.6 times more than
that on Nafion/GCE. Additionally, the ECL signals of the modified
electrodes were also obtained in Fig.2A, which were consistent with
the results of electrochemical responses. These revealed that TiO,
MC offered high surface area and excellent porosity, leading to more
Ru(bpy);2+ immobilized on the Nafion-TiO, MC/GCE. Moreover,
the porous TiO, MC with high surface area extended the OHP,'’
resulting in more redox reactions of Ru(bpy);*" occurred at the
modified electrode. To further confirm the opinion, the time of
Ru(bpy)s>" immobilization as one of significant factors relevant to
the ECL response was shown in Fig.S-2A. The phenomenon was
similar to that above, indicating the porous TiO, MC could provide
high surface area and excellent porosity to immobilized more
Ru(bpy);>* on the Nafion-TiO, MC/GCE and effectively extend
OHP of the sensing interface to amplify the signal of the ECL sensor.
In addition, the TiO, MC offered another merit which could make
the pH in the composite film higher, resulting in Ru(bpy):*"
possessing strong ECL intensity in moderate condition, which was
confirmed by the demonstration as below.
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Figure 2 (A) CV curves of Nafion/Ru(bpy);*'/GCE(a), Nafion-TiO, MC
/Ru(bpy)s*/GCE(b), ECL of different electrods, Nafion/ Ru(bpy);*/GCE(a’),
Nafion-TiO, MC/Ru(bpy);*/GCE(b’); (B) Potential response in time of a
potentiostatically deposited IrOx on GCE in various buffer solutions. EOCP
vs time measured at an IrO,/Nafion/GCE (magenta dashed line), IrO,/Nafion-
TiO, MC/GCE (violet dashed line). (C) ECL of different electrodes, Nafion-
TiO, MC/ Ru(bpy);*'/GCE(a), Nafion-TiO, MC-MT/ Ru(bpy);*"/GCE (b),
Nafion-TiO, MC-MT-CdTe/ Ru(bpy);*/GCE(c) in 0.1 M PBS containing
SmM K,S,0s, the ECL images (d), (e), (), (d’), (e’), (f°); (D) Table 1 the
logic gate system.

The pH was measured by pH-sensitive iridium oxide (IrOy)
electrode,'® and its open circuit potential Eocp was investigated in
Fig.2B. The Eqcp responses indicated a linear response was obtained
in the pH range from 6.5 to 9.0 with a slope of -0.0167 V/pH.
Therefore, the calibration plot of Eocp vs pH was established
successfully. When Nafion was casted on the surface of IrO,
electrode, the effect of Nafion overcoat on the pH was determined
(magenta dashed line), showing the open circuit potential shifted
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toward the negative value. Such shift in Eqcp indicated the increase
in the pH of the film, which resulted from the Nafion overcoat
precluded the escape of dianion based on Donna exclusion principle,
leading to increasing the concentration ratio [HPO,>]/[H,PO4] to
enhance the value of pH.lg Besides, when Nafion-TiO, MC
composite film was coated on the IrO, electrode, the open circuit
potential shifted to the more negative value, as shown in Fig.2B
(voilet dashed line). It suggested the value of pH underlying film
was near to 8.5, which was higher than before. The increase in pH
beneath the Nafion-TiO, MC film had two reasons. On one hand,
TiO, MC possessed porosity and high surface area, which could
enhance the surface area of the composite film. Then it could
preclude more dianion to escape and facilitate the charge transport.
On the other hand, there were many -OH functional groups on the
surface of TiO, MC. Moreover, Nafion possessed lots of F", leading
to the increased generation of OH" because of fluoride displacement
of the surface OH" groups on the TiO, MC, which in well accordance
with previous study.”® Therefore, the pH in the composite film was
higher, making Ru(bpy)s>" possess stronger ECL intensity at the
moderate condition. Accordingly, it has promising applications for
establishing biosensors under physiological conditions.

To investigate the behavior of the ECL sensors, the potential-
resolved ECL intensity was recorded in Fig.2C. The multi-potential
steps oscillating from 1.2 to -1.4 V was applied. Comparing with the
ECL performance of different modified electrodes, the ECL intensity
was the strongest at Nafion-TiO, MC/Ru(bpy)s>"/GCE (Fig.2C(a)),
due to the porous TiO, MC that was beneficial to immobilize more
Ru(bpy)s*" on the electrode, and extend the OHP to accelerate the
redox reaction of Ru(bpy);’". The performance displayed that
Ru(bpy),>" was no emission at the negative potential (-1.4V).
However, the ECL intensity at Nafion-TiO, MC/Ru(bpy);>/GCE
decreased darmatically (Fig. 2C(b)), demonstrating that MT was
successfully immobilized on the Nafion-TiO,/Ru(bpy)s*"/GCE
through Ti-S bond. The large molecular MT not only blocked the
electron transfer, but also obstructed the co-reactant to diffuse onto
the electrode. As expected, the ECL intensity of the Ru(bpy);*"
further reduced and the ECL emission at negative potential (-1.4 V)
appeared in Fig.2C(c) after CdTe QDs which could produce ECL
response at negative with peroxydisulfate as the co-reactant were
assembled on the modified electrode via the covalent interaction
between -SH of MT and CdTe QDs.>* Moreover, the corresponding
ECL images of various modified electrodes were recorded in Fig.2C,
and the phenomenon was consistent with the aforementioned resut,
providing visible impression for ECL signals of different modified
electrodes. As Fig.S-2B shown, electrochemical impedance was also
carried out to further characterise various modified electrodes, which
indicated that the dual-signal ECL sensor was established
successfully. Therefore, these phenomena strongly proved TiO, MC
and Nafion composite film could be a promising ECL platform for
sensitive sensing and visible detection. In addition, these results
certified dual-response ECL sensor on the single electrode was
successfully established. It provids new opportunities for
simultaneously detecting multi-analytes on the single electrode and
possesses well potential application in various fields.

Upon the optimized conditions, as shown in Fig.S-2 and Fig.S-3, a
dual-response ECL immunosensor for MT was developed with
sensitive detection and wide dynamic response range. The analytical
reliability and real application of biosensor was demonstrated in Fig.
3A. With the increase of the concentration of MT, the ECL from
Ru(bpy);*" decreased and the ECL from CdTe QDs increased
correspondingly. Moreover, the 1g(ECLg,u/ECLgps) Was found to
be logarithmically related to the concentration of MT in the range
from 5 to 10000 ng/mL in Fig. 3B. The limit of detection(LOD) with
1.67 ng/mL in this communication was lower than previous
studies.”?! Besides, the proposed biosensor was expended readily for
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detecting the amount of MT in practical analytical applications. The
results were shown in Table S-2. Fig.3C displayed the dual-response
ECL of modified electrode under ten times and the relative standard
deviation for ten parallel measurements with proposed sensor was
5.30%, indicating an excellent precision. The life time of this dual-
signal ECL biosensor is also a key factor in its application and
development. When the sensor was dried and stored at 4 °C, it
retained 90% of its initial response after a storage period of 30 days,
indicating the proposed sensor had stable storage stability. Then the
selectivity of the present dual-signal ECL biosensor was also
ascertained using some other proteins as potential interfering agents.
As the Fig.3D revealed, the present biosensor showed an excellent
selectivity for MT over other proteins. Moreover, the method was a
new concept of the phenomenon of MT logic gate. It was the first
MT driven dual-signal ECL logic gate. The logic gate was
represented by the situation where the output of the gate occurred
when the both QDs and Ru(bpy);*" appeared. As showed in Fig.2D,
the experiments were exhibited by studying the logic gate with four
possible input combination involving (0,0) (1,0), (0,1) and (1,1,).
The present of QDs or Ru(bpy);*" was defined as 1 and the absence
as 0. The ratio of the two electrochemiluminescent signals acted as
the output (lor 0). When both QDs and Ru(bpy);*" presented in a
sample (1,1), the logic gate turned on and the ratio of the two ECL
signals was produced (output 1). When one (0, 1 or 1, 0) or neither
(0, 0) of the ECL regents was present, no ratio of the two signals
showed (output 0). Therefore, the proposed dual-response ECL
device was served as an excellent biosensor and had potential
applications in other biological systems. Furthermore, the concept of
the performance of MT logic gate could open the new chances for
development and design of logic gate sensing applications in the

future.
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Figure 3 (A) ECL signal-time curves at the dual potential ECL sensing
interface with MT from different concentrations: 5ng/mL, 10ng/mL,
50ng/mL, 100ng/mL, 500ng/mL, 1000ng/mL, 5000ng/mL, 10000 ng/mL, (B)
Relationship between the log (ECLcyre/ECLruppy) and log (the
concentration of MT), (C) Stability of the dual-signal ECL biosensor, (D)
Selectivity of the dual-signal ECL biosensor, high-concentration interferents
(500ng/mL) and low-concentration MT (100ng/mL).

In summary, a dual-response ECL sensing platform was designed
for metalloethionein determination based on TiO, MC. The results
exhibited the change of ECL responses was associated with the
concentration of MT, then the ratio of the two ECL signals was used
to judge the accuracy of detecting MT to avoid the false positive or
negative results and improve the accuracy. The dual-signal ECL
sensor towards MT with excellent stability and selectivity was
established. Additonally, the LOD of this sensing strategy could be
down to ng/mL, and the dynamic response range of this biosensor
could cross four orders of magnitude. Moreover, it also could be
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successfully applied in detecting MT in the real samples.
Furthermore, the ECL images at the two excitation potentials were
recorded. Therefore, this method was a promising format for the
future development of multiplex ECL biosensors and simultaneously
visualized detection in a complicated environment.

This project was financially supported by the NSFC (21205016).
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