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Here, we proposed a ratiometric electrochemiluminescent (ECL)
strategy in spatially multiplied ECL systems. By the specific reco-
gnition of hyaluronic acid with proteoglycan CD44 and epidermal
growth factor with epidermal growth factor receptor on the cell
surface, the cells were labelled with potential-resolved ECL
probes, namely Ru(bpy)s?* and g-CsN,, respectively. The as-pro-
posed cytosensor provides a multichannel ECL protocol to
improve the throughput, which may push the application of ECL
for the cellular immunoanalysis.

Electrochemiluminescence (ECL) integrates the advantages of
electrochemistry and chemiluminescence. Due to its weak
background interference, simplified optical setup, and good
temporal-spatial control, ECL has been a powerful analytical
tool in the fields of pharmaceutical analysis, immunoassay,
environmental analysis, and clinical diagnosis."™ Particularly,
ECL measurements for cancer cells have been extensively
studied.>® The detection is usually based on a type of cell-
surface marker, which results in single emission intensity
changes. However, there is still room for improvement. On the
one hand, most of the cancer cells have more than one
marker, and thus, the detection via multiple over-expressed
markers on the cell surface will increase the reliability of
cancer diagnosis. On the other hand, the absolute values of
an ECL signal may introduce false positive or negative
errors due to instrumental inefficiency or some environmental
changes.” " Therefore, the development of a ratiometric ECL
cytosensor based on multiple markers on the cell surface is
very necessary for the prediction of cancer.
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A ratiometric electrochemiluminescent cytosensor
based on polyaniline hydrogel electrodes in
spatially separated electrochemiluminescent
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Potential-resolved ratiometric ECL, in which the quantifi-
cation depends on the ratio of two signals, could fulfil the
requirement for multi-target analysis, and thus, it is an ideal
approach to eliminate the interference factors and make the
detection more convincing.'> However, the strategies suffer
from numerous challenges. For example, ECL emitters on one
electrode may result in a cross-talk between the two ECL emit-
ting processes, such as electrochemiluminescence resonance
energy transfer (ECL-RET) between two ECL emitters.">'* This
problem can be eased up by physically separating the working
interface for different emitters.">'® However, the lack of well-
matched potential-resolved ECL emitters that share the same
coreactant limits the application fields of this technique.
Sometimes the mixed coreactants are considered to realize two
ECL signals for two ECL emitters within a given range of
potential; however, it is still an imperfect way since some
unclear side reactions may exist between the mixed coreactants
or between ECL emitters and diversified coreactants. Besides,
some ECL emitters usually have a similar excitation potential
in the same coreactant. For example, both Ru(bpy);*" and
2-C3N, (or quantum dots, such as CdS QDs) can give ECL
peaks in the range of —1.5 to —1.8 V in a K,S,0g solution,
which results in the signal interference. Besides, Ru(bpy);**
and g-C;N, have the possibility of undergoing ECL-RET.'”
However, in the tripropylamine (TPA) solution, only Ru(bpy),>*
can be excited at a positive potential (about 1.3 V), thereby gen-
erating a strong ECL, while g-C3N, fails. Though Ru(bpy);>*
and g-C;N, are two potential-resolved ECL emitters, the inde-
pendent coreactants of TPA and K,S,0s are still in need since
the cathodic ECL responses of Ru(bpy);>" and g-C;N, interfere
with each other in K,S,0g. Therefore, to solve the above men-
tioned problems, the exploration of an easily-controlled and co
reactant-separated ECL strategy is very appealing towards the
ratiometric ECL analysis.

Conductive hydrogels have shown their potential as bio-
sensors in the past years because they can be easily syn-
thesized and could combine the soft materials with good
conductivity.’®'® Besides, they can retain water molecules and
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maintain sufficient permeability, which makes them excellent
electrode materials to achieve cell detection without the steric
hindrance of cells.”® With the excellent porous 3D nano-
structure, polyaniline hydrogel (PAniH) can load numerous
ECL molecules and maintain a stable ECL signal, which is
weakly dependent on the number of cells,”* and thus can act
as a reference signal when we design a ratiometric ECL
cytosensor.

In this study, a three-channel ratiometric ECL method for
the MCF-7 cell analysis was proposed using three potential-
resolved ECL probes, including g-C;N,, luminol-functioned
gold nanoparticles (Lu-Au NPs), and Ru(bpy);>* doped silica
nanoparticles (RuSiO, NPs). Proteoglycan CD44 and epidermal
growth factor receptor (EGFR) are two over-expressed markers
on the surface of MCF-7 cells.”**> MCF-7 cells were labeled
with hyaluronic acid functionalized RuSiO, NPs (HA-RuSi) and
epidermal growth factor functionalized g-C;N, (EGF-g-C3;N,) by
the specific recognition of HA with CD44 and EGF with EGFR,
respectively. As shown in Scheme 1, PAniH was modified on
three working electrodes, namely GCE, (WE 1), GCEg (WE 2),
and GCE( (WE 3), as a detection platform for cells. For GCEg,
Lu-Au NPs were loaded on PAniH that provides a stable refer-
ence signal, which is rarely influenced by the number of cells
on PAniH. The introduction of a reference ECL signal is
necessary for a ratiometric assay because it can reduce the
false positive or negative errors occurring during the detection
of trace-level analytes in comparison with the single signal
analysis. For GCE, and GCEc, g-C3N, nanosheets and RuSiO,
NP labeled cells provided two cell-dependent working signals,
respectively. The as-prepared GCE,, GCEg, and GCE; were
placed in channels A, B, and C, respectively. Since the chan-
nels were spatially separated, coreactants K,S,0g and TPA
could take part in the ECL reaction of g-C3N, and Ru(bpy),**
in channel A and C, respectively, with luminol generating the
ECL emission via dissolved oxygen in channel B. The simul-
taneous achievement of ECL,, ECLg, and ECL¢ in a CV scan
reflects the throughput analysis of multichannel ECL. Thus,
during a CV scan, we can obtain three signals in the spatially-
separated ECL system without interplay. The process of the
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Scheme 1 The schematic illustration of the three-channel ratiometric
ECL platform for MCF-7 cell quantification.
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fabrication of the cytosensor is given in detail in the ESL.¥ The
concentrations of cells immobilized on the GCE, and GCE¢
can be quantified by the ratios of ECL,/ECLg and ECL/ECLg,
respectively.

Fig. 1A-C display the TEM images of g-C3;N, nanosheets, Ru
SiO, NPs, and Lu-Au NPs, respectively. The size of most of the
¢-C3N, nanosheets was less than 200 nm, and the Ru SiO, NPs
are observed as spheres of around 70 nm diameter. Also, the
size of Lu-Au NPs was around 20 nm. Besides, all the ECL
probes had good dispersion. Further, the ultraviolet-visible
(UV-Vis) absorption spectra of g-C3N, nanosheets, RuSi NPs,
and Lu-Au NPs are shown in Fig. S1.1 The figure clearly shows
that g-C3N, nanosheets exhibit an absorption peak at 300 nm
(Fig. S1A, ESIt). Peaks at 287 and 453 nm in the RuSiO, NP
spectrum correspond to the n-n* electronic transition of bipyr-
idine and metal-to-ligand charge transfer absorption, respect-
ively, (Fig. S1B, ESIf). Similarly, Lu-Au NPs exhibits a broad
absorption band at 250-400 nm corresponding to luminol and
an absorption peak at 520 nm attributed to AuNPs (Fig. S1C,
ESIf). These results are consistent with the previous
literature.”®** Furthermore, the SEM images of PAniH exhibit
a porous 3D coral-like microstructure (Fig. 1D), which is
densely coated with numerous Lu-Au nanoparticles (Fig. 1E).

The ECL responses of the three-channel ratiometric ECL
cytosensor were researched, and the results are shown in
Fig. 2. The PAniH modified electrodes, GCE, (WE 1), GCEg
(WE 2), and GCE¢ (WE 3), gave almost no ECL signals (curve
a). When Lu-Au NPs were immobilized on GCEg/PAniH, a
strong ECL emission peak corresponding to luminol (curve b)
was observed. When HA-RusSi labeled cells, EGF-g-C3N, labeled
cells, and the two ECL probes labeled cells were immobilized
on the GCEg/PAniH, GCE,/PAniH, and GCEgz/PAniH/Au,
respectively, through the specific binding of FA on the elec-
trode with FA receptors on the cell surface, WE 1 and WE 3 dis-
played two significant ECL responses, while the ECL intensity
of WE 2 was nearly not affected by the cells (curve c). This
stable ECL response of WE 2 can be ascribed to the porous
structure of PAniH that keeps numerous water molecules and
allows the fast exchange of dissolved oxygen below the cells,
thereby supporting the stable ECL reaction of luminol.

Fig. 1 TEM images of g-C3N, nanosheets (A), RuSiO, NPs (B) and Lu-—
Au NPs (C). SEM images of PAniH (D) and Lu—Au NPs on PAniH (E).
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Fig. 2 Potential-resolved ECL curves of PAniH (a), PAniH with Lu—Au
NPs (b), and PAniH with Lu—Au NP and ECL probes labeled cells (c).
ECLa, ECLg, and ECLc were obtained in the solution containing 0.1 M
K2S,0g, 0.01 M PBS, and 0.1 M TPA, respectively.

Furthermore, the positive role of luminol as a reference
signal can be applied in correcting the changes of the photo-
multiplier tube voltage (PMT), as shown in Fig. S2A (ESIf).
From the result, we can see that the ECL intensities of g-C3Ny,
luminol, and Ru(bpy);>* increased when the PMT voltage was
increased from 300 to 800 V. However, the ratio of ECLA/ECLg
and ECLc/ECLg are almost the same, as shown in Fig. S2B
(ESIY). The result thus demonstrates that external factors such
as PMT voltage could influence the detecting result if only one
luminophore (g-C;N, or Ru(bpy);**) is used in the system.
However, when another luminophore (luminol) is used as a
reference signal, the cytosensor for cancer cell quantification
will be improved with high accuracy.

The optimization of experimental conditions was also
carried out and is shown in Fig. S3 (ESI{). Upon fixing the
experimental conditions, the as-prepared ECL cytosensor was
employed to detect the number of MCF-7 cells, with the help
of Ru(bpy);>* and g-C;N,; nanoprobes tagged on the surface of
the cells. The ECL signal of Ru(bpy);>" and g-C3N, varied with
the number of cells, while the luminol signal remained stable,
as demonstrated in Fig. 3A. Herein, the ECL of Ru(bpy);>" and
2-C3N, served as the analytical signals, and the ECL of luminol
acted as the reference signal. Further, the ratio of ECLA/ECLp
and ECLG/ECLp presented two linear relationships with the
cell concentration (Fig. 3B and C), and the corresponding
linear ranges, detection limits, etc., are listed in Table S1
(ESIY). Therefore, two different approaches to detect MCF-7
cells were simultaneously obtained, and their testing results
were basically consistent with each other, which increased the
credibility of MCF-7 cells diagnosis. In addition, the ECL ratio
of Ru(bpy);>" to g-C3N; (ECLc/ECL,, about 2.1) showed negli-
gible variation with the cell concentration (Fig. 3D), suggesting
the stable expression of CD44 and EGFR on each cell.
Furthermore, the ratio of ECLc/ECL, can be used to dis-
tinguish MCF-7 cells from other cells because of the different
degrees of expression of CD44 and EGFR in different types of
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Fig. 3 Potential-dependent ECL curves when the concentration of
MCF-7 changes from 5.0 x 102 (curve 1) to 2.5 x 10° cells per mL (curve 11)
(A). Correlation of the ECLA-to-ECLg ratio and the cell concentration (B).
Correlation of the ECLc-to-ECLg ratio and the cell concentration (C).
Correlation of the ECLc-to-ECL, ratio and the cell concentration (D).
ECLa, ECLg, and ECLc were obtained in the solution containing 0.1 M
K2S,0g, 0.01 M PBS, and 0.1 M TPA, respectively.

cells. For example, we detected the human skeletal muscle
cells (HSMC, normal cells, whose cell surface shows low-
expression of CD44 and EGFR, particularly EGFR) with the pro-
posed method, and the ratio of ECLG/ECL, (about 3.5) was
higher than that of MCF-7 cells.>>*°

Different cell lines, such as RAW 264.7 (murine macro-
phages), H9C2 (cardiac myocytes), and HSMC (human skeletal
muscle cells), were chosen as models to evaluate the cytosen-
sor selectivity, and the ECL intensity is shown in Fig. S4.f
Small ECL signal changes were observed, except for MCF-7,
indicating that the ECL strategy has excellent selectivity
towards MCF-7 cells. The reproducibility of the cytosensor was
evaluated by assaying a 1.0 x 10* cells per mL cell solution.
Experimental results indicated that the RSD (n = 5) of the
intra-assay were 4.1% and 5.3% for ECL, and ECLc, respect-
ively, whereas the RSD of the inter-assay with various batches
were 5.5% and 5.7% (n = 5) for ECL, and ECL, respectively.
Hence, both intra-assay and inter-assay revealed a good repro-
ducibility of the cytosensor.

In summary, a ratiometric ECL cytosensor based on PAniH
was constructed in spatially separated ECL systems using three
potential-resolved ECL probes, namely g-C3;N,, Lu-Au NPs, and
RuSiO, NPs. Lu-Au NPs on PAniH presented a stable ECL
response that is weakly dependent on the number of cells,
thus serving as the reference standard signal. Moreover,
¢-C3N, and RuSiO, NPs were tagged on the surface of MCF-7
cells and used as detection signals. On account of the over-
expressed EGFR and CD44 on the cell surface, the ECL cyto-
sensor simultaneously supported two reliable methods of
detecting MCF-7 cells. Therefore, this study exhibits the feasi-
bility of the multichannel ECL detection and demonstrates
great potential in the multi-biomarker analysis and the early
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diagnosis of cancers. Thus, apart from improving the through-
put, future efforts should be directed towards synthesizing
potential-resolved or spectrum-resolved ECL probes, designing
multi-channel ECL cells, assembling electrochemical arrays,
fabricating integrated circuit microplates, and developing ECL
imaging devices.
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