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A wireless electrochemiluminescence (ECL) device employing the
wireless reverse charging function or on-the-go (OTG) USB trans-
mission function of smartphones is designed. It was coupled with a
multi-channel single-electrode electrochemical system based on
the resistance-induced potential difference for multiple ECL ana-
lyses using a smartphone as the detector.

Electrochemiluminescence (ECL) needs an external power sup-
ply to induce electrochemical reaction to generate ECL. Elec-
trochemical workstations are commonly used to supply power
and record electrical response signals. However, they are
expensive.' > Therefore, there is an urgent need to develop
portable and cost-effective ECL devices.

Wireless power transmission (WPT) is a common wireless
charging technology. Compared with near field communication
(NFC) technology, WPT has simpler circuits and higher power,
and can achieve higher voltage and current. It was used to
develop a wireless ECL device about 10 years ago.'? In this
wireless ECL device, electrodes were connected to the second-
ary coil of wireless transmission devices. The high-frequency
alternating current (AC) makes the polarization of the electrode
change between anode and cathode rapidly, resulting in weak
ECL. Later a diode was connected to the secondary coil of
wireless transmission devices to rectify alternating current to
direct current, which prevents alternating an electrode function
and enhances ECL much. However, the output voltage still
fluctuates."*™*
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Many smartphones are equipped with wireless reverse char-
ging function, and can output stable voltage. For smartphones
that do not have wireless reverse charging function, the USB
transmission technology known as on-the-go (OTG) can be
utilized as a power supply for an external wireless power
transmitter.'®>* So smartphones hold promise as wireless
power supplies for ECL devices.

For ECL multiplex analysis, traditional electrode arrays and
bipolar electrode systems have been frequently used. Both of
them require the fabrication of electrode arrays to achieve
multiplex analysis. The fabrication of electrode arrays is
complex, costly, and not environmentally-friendly. It is also
difficult to make electrode arrays for some materials. Recently,
an alternative approach for ECL multiplex analysis using a
single-electrode electrochemical system (SEES) based on
resistance-induced potential difference has been developed.
SEES consists of only one film electrode and a perforated
plastic sticker, eliminating the need for the fabrication of
electrode arrays.”>*>~* Therefore, we design a new WPT device
employing the wireless reverse charging function or on-the-go
(OTG) USB transmission function of smartphones. The WPT
device was coupled with SEES to achieve multiple detection
with the advantages of simple fabrication, low cost, portability,
easy operation, and so on.

The device consists of a wireless energy transmission mod-
ule and the SEES. As shown in Fig. 1, the wireless transmission
drive circuit consists of a receiving coil with receiver electronics
(Fig. 1A) and a transmitting coil with transmitter electronics
assembled on a small printed circuit board (PCB) (Fig. 1B). The
driving circuit generates high frequency AC voltage at the
transmitting end, and a very stable output voltage can be
obtained after rectifying the induced AC voltage by rectifier
circuit at the receiving end to realize a voltage supply to the
single electrode system. Based on the wireless reverse charging
function that many smartphones already have, the output of
the wireless transmission module can directly use the wireless
reverse charging function of the smartphone to supply power,
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Fig. 1 Photos of the device. (A) The receiving coil with its receiver PCB; (B)
the transmitting coil; (C) wireless transmission based on wireless reverse
charging; (D) wireless transmission based on OTG; (E) the four-corner
groove to place the SEES; (F) the receiving coil pasted on the top of the
box; (G) the smartphone detects ECL emission through the opening of the
box; (H) the schematic diagram of the power supply mode based on
wireless reverse charging; (I) the schematic diagram of the mode based on
OTG. The green LED indicates that the electrical energy is successfully
transmitted to the receiver.

which greatly improves the versatility and convenience of the device
(Fig. 1C). For smartphones without wireless reverse charging, the
OTG (on-the-go) USB transmission function is a widely popular
reverse charging technology that allows to charge other devices
with smartphone via an OTG cable. Based on this function, power
is supplied to the receiver by means of the external transmitting
coil through USB connection (Fig. 1D).

The smartphone captures the device signal in a self-made
small light-tight box. A four-corner groove is pasted in the
middle of the box to place the SEES (Fig. 1E). The receiving
coil of the wireless transmission module is directly pasted to
the top of the box (Fig. 1F). At the top of the box is an opening of
the same size as the protruding lens of the detection smart-
phone, and the position of the opening is opposite to the
internal four-corner groove. To prevent light leakage at the
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connection between the smartphone and the opening, a dense
deep black sticky gasket is pasted around the opening (Fig. 1G).
The stable power supply to the internal system can be realized
by placing the transmitter coil nearby to the top of the box. The
box has a dimension of 200 x 115 x 75 mm. The light spot is
analyzed by using a self-developed mobile application (Fig. 2).
This device can detect solutions containing different concen-
trations of hydrogen peroxide (H,0,) (each row of ECL images
corresponds to H,0, concentration of 100, 70, 50, 20, 10, 5, 1,
0.5 uM from top to bottom) at the same time.

A schematic diagram is used to more intuitively show the
power transmission in the system. As shown in Fig. 1H, for a
smartphone with wireless reverse charging, the coil of the
receiver can be placed directly close to the reverse side of the
smartphone. The smartphone can transfer energy to the recei-
ver through the WPT function (same connection as the actual
device shown in Fig. 1C). As shown in Fig. 11, for smartphones
that do not have wireless reverse charging function, the exter-
nal transmitter can be used via a USB OTG port (same connec-
tion as the actual device shown in Fig. 1D). The AC is
transmitted wirelessly between the transmitter and the receiver.
The receiver PCB transforms the high frequency AC to a stable
DC potential of 5 V that is applied at the single-electrode
system. A conventional rectifier with diodes can only output a
unidirectional pulse voltage with a maximum value of 5 V. The
potential variation by time after rectification was measured
using the oscilloscope parallel to the single electrode (Fig. S1,
ESIT). And this potential is considered as the external voltage

Test

Calculate

Fig. 2 ECL image analysis by the self-developed mobile application. (A)
Each row of ECL images corresponds to concentrations of H,O, of 100,
70, 50, 20, 10, 5, 1, and 0.5 uM from top to bottom. (B) Real-time detection
based on the mobile apps. Experimental conditions: different concentra-
tions of H,O, (0.5-100 puM); 200 uM luminol in CBS buffer (pH 10).
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(Eror) in the system. Powering SEES by DC is efficient for ECL
signal generation for analytical purposes.

The carbon ink SEES was made using the method reported
by our research group.?**®® The main steps are as follows
(Fig. S2A, ESIT): (1) the plastic substrate of the electrode is
54 x 86 x 0.8 mm white PVC board. The CH-8 (MOD?2) carbon
paste electrode was made on PVC board by a screen printing
method. The size of the electrode was 40 x 77 mm and dried in
a biological incubator at 37 °C. (2) The perforated polyethylene
glycol terephthalate cell pattern (30 x 75 mm) is cut by the
engraving machine and pasted on the carbon ink electrode. The
thickness of the sticker with cell holes is 0.2 mm. The round
holes of diameter 6 mm are placed on the sticker as 3 columns
and 8 rows and are separated by 3 mm each of other. (3) The
single-sided conductive copper tape is pasted on uncovered
areas on both ends of the single electrode. (4) The connection is
then coated with carbon ink to ensure the effective connection
between the base screen-printing electrode and the external
power supply. The connection between the single-electrode
system and the wireless receiver is that the contacts drawn
from opposite sides touch the surface of the copper tape to
realize the power supply to the single-electrode system.

The circuit and principle of SEES are shown in Fig. S2B and
C (ESIt). When an external voltage E. is applied, the current
(Itor) between the two copper tapes passes through the carbon
ink film (I.) and the solution in the cell (I;). Because the
resistance (R;) of the solution is much larger than that of the
carbon ink film electrode (R.), we can consider that the current
of the single electrode system is mainly through carbon ink
film, and a uniform electric field is formed in SEES. H,O, and
dissolved oxygen on the cathode side are reduced, and luminol
and H,0, on the anode side are oxidized to produce ECL.

As shown in Fig. S3 (ESIT), the ECL intensity increases signifi-
cantly with the increase of luminol concentration from 1 pM to
500 puM. However, when the luminol concentration reaches
200 pM, the increase of ECL intensity slows down. Therefore, the
concentration of luminol was 200 uM in the subsequent experi-
ments. Fig. S4A (ESIT) shows that the intensity of the ECL increases
rapidly as the pH of the CBS buffer increases from 6 to 12. The ECL
intensity increases with the increase of pH, and when the pH is 10,
the ECL intensity reaches a plateau. To explore the effect of applied
voltages on the ECL intensity, we customized the receiver chip PCB
that is able to output different voltages (1, 2, 3, 5, 7, 10 V) and
applied them to the SEES (Fig. S4B, ESIt). The ECL intensity
increases rapidly with the increase of applied voltage. When the
applied voltage value reaches 5 V, the ECL intensity increases
slowly. Finally, the optimum luminol concentration is 200 pM,
the pH is 10, and the applied voltage is 5 V.

The luminol-H,0, ECL system is a common ECL pair to
develop an ECL analytical system. H,0, can increase the ECL
intensity of luminol in the system. On this basis, we studied the
device performance for H,0, imaging detection. Under
the optimal experimental conditions, the ECL intensities of
the luminol-H,0, system increase with the increase of the
H,0, concentration. There is a linear relationship between ECL
intensity and H,O, concentration in the range of 1-100 uM (Fig. 3).
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Fig. 3 Relationship curve of ECL intensity vs. concentration of H,O,.
Experimental conditions: different concentrations of H,O, (1-100 uM);
200 uM luminol in CBS buffer (pH 10).

The linear regression equation of signal I (ECL intensity) is I (a.u.) =
93806.59 + 998.5¢ (H,0,) [uM], and the correlation coefficient is
0.998 (n = 5). The limit of detection (LOD, S/N = 3) was found to be
0.73 uM. Compared with the existing H,O, detection methods, this
method has the advantages of simple operation, rapid detection,
and relatively low detection limit. In comparison with previous
reports for detecting H,O,, this method possesses comparable
sensitivity (Table S1, ESIT).

To test the selectivity of this method for the detection
of H,0,, different interfering ions and organic substances
(100 pM) were added to the 100 uM H,O, solutions, and the
ECL intensity was recorded and compared with the blank. The
obtained ECL intensity with interference is generally the same
as that without interfering ions and organic substances (Fig. S5,
ESIY). The error caused by each kind of interference is basically
less than 5%. Therefore, the selectivity of this method for
detecting H,0, was successfully verified.

On the other hand, uric acid (UA) is an important analyte
that can be monitored indirectly by ECL detection of H,O,

produced by uricase-catalyzed reactions (Fig. $6, ESI{):***"

Uricase

CsH4N4O3 + O, +2H,0 —— C4HgN4O3 + H,0, + CO,
1)

Different concentrations of UA were mixed with 200 g mL™"
uricase. The mixture is mixed and reacts at room temperature
(25 °C) for 10 minutes to produce hydrogen peroxide. The
reacted mixture is then transported to different microelectro-
chemical cells of SEES for UA detection.

The catalytic reaction conditions of UA were optimized by first
studying the effect of pH on the reaction system. According to the
characteristics of uricase, as shown in Fig. S7A (ESIt), the ECL
intensity is low when pH < 7. In the pH range of 7-11, the catalytic
activity of uricase is high and has good stability in solution. The ECL
emission produced after the catalytic reaction reaches a maximum
and enters a plateau after the pH reaches 10. In the subsequent
experiments, the CBS used in the reaction system had a pH of 10.

This journal is © The Royal Society of Chemistry 2024
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In the second step, we investigated the effect of the UA
catalytic reaction time on ECL intensity. As shown in Fig. S7B
(ESIt), the intensity of ECL increases during the reaction. When
the reaction time reaches 10 minutes, ECL intensity saturation
has been observed. To obtain better sensitivity and to minimize
analysis duration, the catalytic reaction system was observed
over 10 minutes in subsequent experiments.

As shown in Fig. S8 (ESIt), the linear range of UA detected is
5-100 pM, and the LOD is 1.32 uM. The linear regression
equation of signal I is I (a.u.) = 84045.94 + 992.55¢ (UA) [uM],
and the correlation coefficient is 0.997 (n = 5). In order to
investigate the selectivity of the method, control experiments
were carried out with biomolecules like different kinds of
amino acids and other potential interferents (Fig. S9, ESIT).
100 uM of UA produced a higher ECL response, while the
signals of other compounds were relatively small and negligi-
ble. In comparison with previous reports for detecting UA, this
method possesses comparable sensitivity (Table S2, ESIT).

In summary, we designed a new type of ECL detection device
employing the wireless reverse charging function or on-the-go
(OTG) USB transmission function of most smartphones. At the
same time, we introduce SEES to realize the simultaneous
detection of multi-concentration and a multi-analyte detection
system. In addition, to improve the convenience and reduce the
cost of the device, we integrate the above system into a small
box to achieve real-time detection. The wireless reverse trans-
mission function of the smartphone provides a more conveni-
ent way to transmit energy for ECL. The ECL images obtained
by the device were analyzed in real time in the self-made mobile
phone application to determine H,0, and UA sensitively. The
device has the advantages of low cost, low power consumption,
and ease of use. It holds great promise for ECL detection,
including multiplex analysis and point-of-care testing.
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