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Two-dimensional (2D) nanomaterial-nucleic acid interactions have been widely used in the construction of
fluorescent sensors, but they are rarely used in the construction of electrochemiluminescent (ECL) sensors and
have never been used in the design of ratiometric ECL sensors. Therefore, a ratiometric ECL sensing platform was
developed in this study based on the ECL resonance energy transfer (ECL-RET) of graphitic carbon nitride
nanosheets (GCNNS)/Ru(bpy)%+ donor/acceptor pair. The 2D GCNNs showed much weaker affinity to the long
dsDNA duplexes formed by hybridization chain reaction (HCR) than Ru(bpy)%*-lableled fuel hairpin DNAs (H1
and H2) for HCR. Therefore, the target-initiated HCR resulted in the luminescence enhancement of the GCNNs at
460 nm and the luminescence attenuation of the Ru(bpy)%+ at 610 nm. By measuring the I460 nm/I610 nm ratios,
quantitative analysis of microRNA-133a was realized with a limit of detection of 0.41 pM. In addition, this ECL-
RET sensing platform can be easily extended to detect metal ions or aptamer substrates by simply redesigning
helper DNAs without changing the sequences of fuel hairpin DNAs. Moreover, due to the programmability of
HCR, a series of sensitive logic gates (“OR”, “INHIBIT”, “AND”, “NAND” and “INHIBIT-OR”) based on the ECL-

RET ratiometry can be constructed and responded to as low as 100 pM of Hg?" or Ag™.

1. Introduction

Two-dimensional (2D) nanomaterials such as graphene, transition
metal dichalcogenides (TMDs), 2D metal-organic frameworks (MOFs)
and transition metal oxides (TMOs) have aroused great research interest
due to their large specific surface areas, attractive electronic and
chemical properties (Chen et al., 2015; Liu et al., 2019; Peng et al., 2017;
Wu et al., 2021; Xiong et al., 2017). In particular, their excellent fluo-
rescence quenching ability and significantly different affinity to
single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA)
enabled the establishment of many interesting fluorescence sensing
platforms based on 2D nanomaterial-nucleic acid interactions (Huang
et al., 2014; Liu et al., 2015; Tan et al., 2015; Zhu et al., 2017). For
example, dyes/nanoclusters-labeled ssDNA/aptamer can be strongly
adsorbed on the surface of 2D nanomaterials via -t stacking, resulting
in the fluorescent quenching (Liu et al., 2019; Wang et al., 2019).

However, when the complementary DNA strands or aptamer substrates
are present, the formed dsDNA duplexes or aptamer-substrate com-
plexes exhibit much weaker adhesion and desorb from the 2D nano-
materials surface. As a result, the fluorescence of dyes or nanoclusters
are recovered. Considering that the single signal output mode is sus-
ceptible to complex reaction environment, some novel fluorescence
resonance energy transfer (FRET)-based ratiometric strategies have
been developed through the combination of 2D nanomaterials with
nucleic acid molecules (Mo et al., 2017; Yuan et al., 2019; Zhu et al.,
2015). Thus, the accuracy and repeatability of the sensing systems are
greatly improved.

Although, based on 2D nanomaterial-nucleic acid interactions, many
remarkable progresses and achievements have been made in biosensing
applications, they are mainly concentrated in the field of fluorescence
sensing. The application of nucleic acid-functionalized 2D nano-
materials in electrochemiluminescence (ECL) assays remains largely
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Scheme 1. Schematic illustration of 2D GCNNs-nucleic acid interactions-based ECL-RET ratiometry.

unexplored (Feng et al., 2015) and, to our knowledge, has never been exhibit a near-zero background since no excitation light source is
reported for constructing ratiometric ECL resonance energy transfer required (Lv et al., 2020; Richter, 2004; Zhai et al., 2017). Accordingly,
(ECL-RET) biosensors. Compared with fluorescence sensing, ECL sensors we can speculate that ratiometric ECL-RET platform, established with
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Fig. 1. (A) UV-vis absorption spectrum of Ru(bpy)?r modified on hairpin DNA (a) and the ECL spectrum of the GCNNs modified GCE (b). The inset shows the UV-vis
absorption spectrum of Ru(bpy)3*-H1/H2 in the range of 200-600 nm. The ECL spectrum was obtained through a series of optical filters with the blocking
wavelength from 360 nm to 590 nm, and the photomultiplier tube (PMT) was set at 300 V. (B) Fluorescence spectrum of Ru(bpy)§ " (hex = 400 nm). (C) PAGE image
of HCR: (a) target, (b) helper-1, (c) H1, (d) H2, (e) helper-1+H1+H2 and (f) target + helper-1+H1+H2. (D) Normalized optical responses of GCNNs and Ru(bpy)g+
before and after adding target.
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Fig. 2. (A) Normalized optical responses of GCNNs and Ru(bpy)g+ at different miRNA-133a concentrations. (B) Relationship between the normalized optical in-
tensity of (a) Ru(bpy)%‘ or (b) GCNNs and the logarithm of miRNA-133a concentration. (C) The calibration curve of 1g(I1460 nm/I610nm) VS 18CmiRNA-133a-

nucleic acid-functionalized 2D nanomaterials, can not only reserve the
typical advantages of easy operation and high accuracy of FRET-based
ratiometric sensors, but also can obtain higher sensitivity. Graphitic
carbon nitride nanosheets (GCNNs), a graphene-like layered 2D nano-
materials, has good biocompatibility, efficient ECL emission and excel-
lent luminescence stability (Liu et al., 2016; Xu et al., 2016; Zhou et al.,
2018). These characteristics make it widely used in ECL sensing, espe-
cially the blue luminescence at 460 nm of GCNNs renders it a suitable
candidate as energy donor for construction of ECL-RET biosensors (Feng
etal., 2016; Zhu et al., 2019). Meanwhile, Ru(bpy)3" is frequently used
as an energy acceptor to form acceptor/donor pair with GCNNs, which is
attribute to its high fluorescence quantum yield and the perfect overlap
between its absorption spectrum and ECL emission spectrum of GCNNs
(Liang et al., 2018; Ye et al., 2019).

Based on the above considerations, an ECL-RET ratiometry based on
the GCNNs/Ru(bpy)3" donor/acceptor pair was developed. Further-
more, in order to obtain better sensing performance, hybridization chain
reaction (HCR), an isothermal enzyme-free amplification technique was
used. As shown in Scheme 1, in the absence of target, helper hairpin
DNA (helper-1), Ru(bpy)%*-labeled fuel hairpin H1 and H2 remained in
the hairpin state that were adsorbed on the surface of GCNNs. Hence, the
ECL resonance energy transfer occurred between GCNNs and Ru(bpy)3 .
Due to the high RET efficiency from GCNNs to Ru(bpy)3* and high
fluorescence quantum yield of Ru(bpy)3", the luminescence signal of the
GCNNs at about 460 nm was almost completely quenched and the strong
luminescence signal of the Ru(bpy)3" at about 610 nm was obtained.
When the target was present, it opened helper-1, thus exposing the
trigger strand to trigger the HCR. The produced H1/H2-based long
dsDNA duplexes detached from the GCNNs surface, resulting in the in-
crease of the luminescence signal of the GCNNs and the decrease of the
luminescence signal of the Ru(bpy)3". By recording the ratios of GCNNs
luminescence intensity to Ru(bpy)%+ luminescence intensity (I460 nm/
Is10 nm) at different target concentrations, quantitative analysis of target
microRNA-133a (miRNA-133a), a candidate biomarker of acute
myocardial infarction (AMI), can be achieved. The as-proposed strategy
of nearly unmodified-electrode surface has the characteristics of
simplicity and rapidness (Hou et al., 2018).

More significantly, the oligonucleotides for HCR can be flexibly
regulated by encoding specific functional information in their base se-
quences, rendering this sensing strategy an ideal candidate for the
construction of programmable and versatile ECL-RET biosensor.
Therefore, this sensing platform can not only be used for the detection of
nucleic acid molecules, but also can be widely used for the detection of
aptamer substrates and some metal ions. Exhilaratingly, the flexible
design of the DNA sequences also makes this ECL-RET sensing platform
applicable to the construction of DNA logic systems. In this work, we
successfully designed “AND”, “OR”, “INHIBIT”, “NAND” logic gates and
a more advanced concatenated logic circuits “INHIBIT-OR”. To the best
of our knowledge, this is the first time that the integration of 2D
nanomaterial-nucleic acid interaction with ECL-RET was utilized to

construct DNA molecular logic gates.

2. Results and discussion

2.1. Characterization of the 2D GCNNs-Nucleic acid interaction-based
ratiometric ECL-RET biosensor

As shown in Figs. S1 and S2, transmission electron microscope (TEM)
and atomic force microscope (AFM) images show that the GCNNs have a
sheet-like structure with a thickness of less than 3 nm, indicating the
ultrathin GCNNs were obtained. The ECL spectrum of the GCNNs with
an emission peak at 460 nm (Fig. 1A, curve b) matched well with the
absorption spectrum of the Ru(bpy)%Jr (Fig. 1A, curve a), which is the
basis of constructing an ECL-RET ratiometry. In addition, Ru(bpy)3"
emitted a strong fluorescence with an emission peak of about 610 nm
when excited at 400 nm (Fig. 1B). To verify the rationality of HCR
design, native polyacrylamide gel electrophoresis (PAGE) experiments
were carried out. As shown in Fig. 1C, in the absence of miRNA-133a,
helper-1, H1 and H2 in the mixture maintained their respective stable
hairpin structures (lane e). When the miRNA-133a was present, a series
of bright stripes appeared (lane f), indicating the successful imple-
mentation of the target-initiated HCR. Fig. 1D shows the optical re-
sponses of GCNNs and Ru(bpy)3" before and after adding target miRNA-
133a. In the absence of the target, helper-1, Ru(bpy)3*-labeled H1 and
H2 were adsorbed on the surface of GCNNs-modified glassy carbon
electrode (GCE), the ECL of GCNNs was efficiently absorbed by the Ru
(bpy)%+ molecules, then the Ru(bpy)%Jr molecules were stimulated to
emit light at 610 nm. After adding the target, the HCR reaction was
triggered to generate long dsDNAs, which had good rigid structure and
weak interaction force with GCNNs, resulting in a decrease in the
amount of Ru(bpy)3" modified hairpin DNAs adsorbed on GCNNs.
Therefore, the ECL of the GCNNs recovered to some extent, while the
luminescence of Ru(bpy)3" reduced. Moreover, as the number of targets
increased, the number of long dsDNA produced by HCR increased, the
luminescence of 460 nm was further enhanced, and that of 610 nm was
further reduced. The optical intensity of both wavelengths depended on
the concentration of the target, which indicated the feasibility of ECL-
RET ratiometry construction.

2.2. Analytical performance

Under the optimized conditions: 60 mM KCl in the TMK buffer (0.01
M Tris-HCl solution (pH 7.4), 5 mM MgCls), 90 min for HCR, pH 7.4 for
optical signal detection solution as well as 0.30 pM of H1 and H2
(Fig. S3), the detection performance of the constructed ECL-RET ratio-
metry for miRNA-133a is shown in Fig. 2. With the increase of target
concentration from 1 pM to 1 nM, the optical intensity at 460 nm tended
to increase while that at 610 nm tended to decrease (Fig. 2A and B).
Moreover, the logarithm of the ratio of the luminescence intensity at two
wavelengths (181460 nm/I610 nm)) had a good linear correlation with the
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Fig. 3. (A) Normalized optical responses of the ECL-RET ratiometry under the continuous scanning of 24 cycles, the concentration of miRNA-133a was 500 pM. (B)
The constructed ratiometric system was used to detect 100 pM miRNA-133a with 8 electrodes. (C) Selectivity analysis of the ECL-RET ratiometry, the concentration

of miRNA-133a and other three interfering miRNAs was 100 pM.

logarithm of the miRNA-133a concentration with R? of 0.995 (Fig. 2C).
The limit of detection (LOD) for miRNA-133a was 0.41 pM (S/N = 3),
which is better than the fluorescence miRNA/DNA sensors based on 2D
nanomaterial-nucleic acid interactions (Table S2), indicating that the

A

(]0)

SR i

S2 aAnv E
\
\

Sl amn 1 _OD AR, s
iInput | @ Hg” (] D QEEpjﬂ:]:]q:ﬂfﬂ;[]j_
‘Input 2@ Ag’ .gg-

1.0 Input 1 Input2 Output
0 0 0
£
5 I 0 I
,:G 0.6 0 1 1
E 04 1 1 1
8
allon Input 1 Output
0.0 Input 23_ P
00 1) (O (1D
State
C0) . R Sse~——— Se—n
- gb e ge =
' SSe— . o
LSl o B, s 56
' S7 .
:lnpull. Hg™ ' (LD
yInput 2@ Ag' \ 'ER.

08 Tnput T Tnput 2 Output
g 06 0 0 0
; 1 0 0
B 04 0 1 0
& 1 1 1
=
S l2fccecerer-nrcnnraar s an -
5 I 1
nput
Input 2:Di()ulpul
(0,0) (1,0) (0,1) (1,1)
State
GO Ttie g (00,)
' S3 v~
' _9& s g Input2 @ Ag' ‘ Blsa
: el

Shonrn
M

S3van~
S4mmn

(100) thlpcr_l

I spmimerivem
(00 (1,10) (L1
&W.ﬂﬂml % Samm § 50

helper-1

helper-1

RESIElE

ECL method combined with the 2D nanomaterial-nucleic acid in-
teractions can indeed achieve higher sensitivity.

a0,
i #9, St

' s _on ﬁ&_ S3 v
St 1 A S
' Input 1 @ ng (1 1) Q_. S3
. Input2 @ Ag' I :‘%g‘. S4 STRITTTeeR e
Input T Input2 Output
0 0 0
1 0 1
0 1 0
1 1 0
Input 1
Tnput 2$—(Julpul
o0 @Y (O (LD
State
D ‘A——lgfg:”’, _(0.0) ’Eg‘pib:q:ufm:;:n_
: ﬁ&. C_(L0) BR, et ,
SN
LS9 (0,1) ,Eg.. N N
i ' &_J_LJ_L.LGLL_IJ_I_I“LLI_
Input 1 @ Hg™
‘lnput2 ® Ag' . Co_(Lh o :gg‘
Input T Tnput2  Output
0 0 1
1 0 1
0 1 1
1 1 0
Input ]:Dpi()ulpul
Input 2
0,0 @) ©On @D
State
. Input T Input2 TInput3 Output
1.2 0 0 0 0
E 1.0 0 0 1 1
S s 0 1 0 0
= 0 1 1 1
= 0.6
z 1 0 0 1
g™ I 0 I !
— 027 - ---- Y 1 1 0 0
0.0 1 1 1 1

maa)"'a,)mlo)(”slé,tjl,a,”)’l,a, iftgfly)
State

Input |

Input 2

%()ulpm

Fig. 4. The schematic illustration, I460 nm/Is10nm response, truth table and electronic equivalent circuitry of “OR” logic gate (A), “INHIBIT” logic gate (B), “AND”

logic gate (C), “NAND” logic gate (D) and “INHIBIT-OR” logic gate (E).



L. Zhu et al.

2.3. Stability, reproducibility and specificity of the ECL-RET ratiometry
and its application in real sample analysis

The investigation of the stability of the ECL-RET ratiometry is shown
in Fig. 3A. Under the continuous scanning of 24 cycles, the relative
standard deviation (RSD) of optical signals at 460 nm was 1.37%, and
that at 610 nm was 1.23%, indicating the excellent stability of the
ratiometric system. As shown in Fig. 3B, the repeatability of the ratio-
metry was studied by detecting 100 pM of the miRNA-133a using eight
electrodes, the RSD of 1460 nm/I610 nm ratios was 2.34%, showing that the
ratiometric sensor with the dual signal output mode has a good
repeatability. The specificity of the developed ratiometry was explored
by using three miRNAs that are also related to the AMI as the interferers.
The results are shown in Fig. 3C, the I460 nm/I610 nm ratios of the three
interferers were similar to that of blank sample and significantly
different from that of miRNA-133a, demonstrating a good selectivity of
the system. In addition, we investigated the practical application of the
system by implementing the standard addition experiments in blank
human serum samples. As shown in Table S3, acceptable recoveries of
104.20%-109.19% were obtained with RSD of 1.27%-3.12%, showing
the potential of the ECL-RET ratiometry in clinical application.

2.4. The programmable targets detection

Due to the flexible regulation in DNA sequence, in addition to
detecting the miRNA-133a, the ECL-RET ratiometry based on 2D
GCNNs-nucleic acid interactions also has the potential to detect metal
ions or aptamer substrates programmatically. As shown in Fig. S5, to
verify this, we designed a helper ssDNA rich in thymine (helper-Hg?")
and a helper hairpin DNA containing ATP aptamer (helper-ATP) for the
detection of Hg>" and ATP, respectively (the sequences of helper-Hg?"
and helper-ATP are shown in Table S1). In theory, when Hg?" is present,
helper-Hg?* can bind with the toehold of helper-1 through T-Hg?*-T
coordination chemistry and open the hairpin structure, thus exposing
the initiating chain and triggering the HCR (Fig. S5A). For ATP, its
aptamer sequence was introduced into the loop of helper-ATP. In the
presence of ATP, the hairpin structure is opened, also triggering the HCR
(Fig. S5B). The actual experimental results of the optical signals at the
two wavelengths after adding different Hg?* or ATP concentrations are
also shown in Fig. S5. The variation trend of luminescence intensity at
both wavelengths presented the expected Hg?' (Fig. S5A) or ATP
(Fig. S5B) concentration dependence, confirming the possibility of
programmable metal ions or aptamer substrates detection by the ECL-
RET sensing platform.

2.5. Construction of logic gates

As indicated above, without changing the sequences of fuel hairpin
DNAs (H1 and H2) for HCR, this programmable target detection plat-
form can be easily extended to detect different targets by simply rede-
signing helper ssDNAs. Similarly, without changing the H1, H2 and the
input targets (Hg?>" and Ag™ were used as target inputs of this study),
just by simply redesigning helper ssDNAs, a series of sensitive logic gates
(“OR”, “INHIBIT”, “AND” and “NAND”) base on the ECL-RET ratiometry
can be constructed (Fig. 4A-D). With the help of helper-1, even a more
advanced concatenated logic circuits “INHIBIT-OR” can be constructed
to realize the logical responses to three input targets (Hg?", Ag* and
ssDNAs S10) (Fig. 4E). In the following study of logic gates, the presence
and absence of the targets were assigned as the inputs of 1 and O,
respectively.

As shown in Fig. 4A, two helper ssDNAs S1 and S2 were involved in
the “OR” logic gate. S1 can bind with the toehold of H1 by the artificial
T-Hg?*-T bridges and open the hairpin structure of H1 to trigger the
HCR. While S2 can hybridize with H2 by the artificial C-Ag*-C bridges
to trigger the HCR. The result of triggering HCR was the reduction of Ru
(bpy)3*-tagged H1 and H2 on the surface of the GCNNS, resulting in the

Biosensors and Bioelectronics 178 (2021) 113022

increase of the luminescence of the GCNNs and the decrease of the
luminescence of the Ru(bpy)%+. The ratio of I460 nm/I610 nm Was recor-
ded, a ratio of 0.2 was set as the threshold value. If the I460 nm/I610 nm
ratio was lower than 0.2, it would be regarded as the background signal
and be defined as “0” output. When HCR occurred in the system, a high
L1460 nm/I610 nm ratio greater than 0.2 was obtained and defined as “1”
output. The I40 nm/Is10 nm ratios under various states in the “OR” logic
gate, the corresponding truth table and the electronic equivalent cir-
cuitry are shown in Fig. 4A.

Similarly, two helper ssDNAs S3 and S4 were used in the “INHIBIT”
logic gate. As shown in Fig. 4B, when Hg?" was solely added, in other
words, the input state was (1, 0), S3 can hybridize with H1 starting at the
hairpin toehold via T-Hg?*-T coordination chemistry, which triggered
the HCR and obtained a high I460 nm/Is10 nm ratio to output “1”. When
Ag™ was added to the system alone, the hairpin structure of H1 and H2
cannot be opened. Subsequently, no HCR occurred and the output was
“0”. In the presence of Hg?>" and Ag™ at the same time, with the help of
T-Hg?*-T and C-Ag™-C bridges, S3 and S4 can form six more consecutive
complementary base pairs than S3 and H1. Therefore, in the input state
of (1, 1), S3 was preferred to bind with S4 to form the stable S3-S4
duplex, the “0” output then would be obtained. As expected, the output
was “1” only when Hg?' was input separately, which was consistent
with the proper operation of the “INHIBIT” logic gate.

As shown in Fig. 4C, the triggering sequence of the HCR was split into
two domains, one was encoded at the 5-end of S6, the other was
encoded at the 3'-end of S7. With the help of T-Hg?*-T and C-Ag*-C
bridges, the 5'- and 3’-end of ssDNA S5 hybridized with the 3’-end of S6
and the 5-end of S7, respectively, to form the Y-shaped S6-S5-S7
structure. The formed S6-S5-S7 structure brought the two domains into
close proximity to form an intact triggering sequence, which opened the
hairpin structure of H1, resulting in the output of “1”. In the other single
input states, no S6-S5-S7 complex would be formed, the H1 and H2
would maintain the stable hairpin structure. Therefore, the I460 nm/Is10
nm ratios were lower than 0.2 and the outputs were “0”. The I469 nm/Is10
nm responses of the “AND” logic gate in different states, the truth table
and its electronic equivalent circuitry are shown in Fig. 4C.

The outputs of the “NAND” logic gate are “1” in all input states
except the state of (1,1). Hence, two helper ssDNA S8 and S9 were
designed to construct the logic gate (Fig. 4D). S8 can act as the trigger
chain for the HCR to bind directly with H1 via the Watson-Crick base
pairing principle and open the hairpin structure. S9 can hybridize with
S8 completely through T-Hg?"-T and C-Ag™-C bridges to form stable
S$8-S9 duplex. Furthermore, there were more consecutive complemen-
tary base pairs in the S8-S9 duplex (28 base pairs) than in the S8-H1
complex (22 base pairs). Therefore, in the case of no input or single input
states, S8 can trigger the HCR with outputs of “1”. In contrast, when the
input state was (1,1), S8-S9 duplex was formed preferentially, resulting
in a low I460 nm/I610nm ratio, the output “0” was then obtained.

Moreover, a combinatorial “INHIBIT-OR” logic gate can be con-
structed by introducing a single strand of DNA (S10) as input 3 and the
helper hairpin DNA (helper-1) into the “INHIBIT” logic gate. As shown
in Fig. 4E, when S10 was present, it hybridized with the helper-1 and
opened the hairpin structure. The opened helper-1 exposed the initiating
chain sequence (the blue line), which can bind with H1 to trigger HCR
resulting in the output of “1”. When the input states were (0,0,1),
(0,1,1), (1,0,0), (1,0,1) and (1,0,0), the I460 nm/I610nm responses were
higher than the threshold value, the outputs were “1”, otherwise the
outputs were “0” for other inputs. In addition, by comparing states of
(0,0,1) and (0,1,1), it was found that in the same case, the presence of
Ag" caused a slight decrease in the output signal (Fig. 4E). The reason
may be that a small amount of Ag™ may be adsorbed on the GCNNs and
occurs electron transfer with GCNNs, which slightly quenched the
luminescence of GCNNs(Cao et al., 2018; Tang et al., 2013). This
combinatorial gate can realize logic gate sensing for three targets and
the targets could be of different kinds, indicating its huge potential of
sensing application, especially for the multiplex sensing application.
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2.6. Sensitivity, practicability and specificity of logic gates

As shown in Fig. 5, we selected “OR” gate as an example to examine
the sensitivity, practicality, and specificity of the constructed logic gates.
In the above constructed logic gates, the concentration of Hg?* and Ag™
was 1 nM, well, what is the minimum input concentration at which the
logic gates that can produce an expected feedback signal? We still took
0.2 as the threshold value and reduced the input concentration from 100
pM to 1 pM to study the sensitivity of the logic gates. In the “OR” gate,
any single input or dual inputs, the outputs are “1”. The experimental
results in Fig. 5A show that when the input concentration was 100 pM,
the operation results of the logic gate were consistent with the theory.
When the input concentration continued to decrease, the response re-
sults were inconsistent with the truth table, indicating that the minimum
input concentration at which the logic gate can produce the expected
response was approximately 100 pM. As shown in Fig. 5B, to investigate
the practicability of the logic gates, 1 nM Hg?" or/and Ag" were spiked
into tap water, lake water and TNMK buffer (0.01 M Tris-HNOj3 solution
(pH 7.4), 5 mM Mg(NO3); and 60 mM KNOs3) and “OR” gates were
executed in the three water samples respectively. The response results of
the logic gate in the three water samples showed no significant differ-
ence, indicating the potential application of logic gates in actual water
samples. The investigation of the specificity for “OR” gate was shown in
Fig. 5C, the logic gate showed significantly different responses to Hg"
or/and Ag" metal ions compared with other interfering metal ions,
indicating excellent selectivity of the logic gate.

3. Conclusion

In summary, a ratiometric ECL-RET sensing platform based on 2D
GCNNs-nucleic acid interactions was constructed in this study. In this
ECL-RET ratiometry, the 2D GCNNs was used as energy donor and Ru
(bpy)3" was the energy acceptor. Due to the conspicuous spectral
overlap between the ECL emission spectrum of GCNNs and the absorp-
tion spectrum of Ru(bpy)3*, the ratiometric sensor had high resonance
energy transfer efficiency. The assembly of the sensing platform based
on the significantly different affinity of GCNNs to hairpin DNAs and the
HCR products (long dsDNA duplex) avoided the complex and tedious
modification process of the electrode. Moreover, the signal amplifica-
tion and programmability features of HCR made the ratiometric ECL-
RET sensing platform be applicable not only to the sensitive detection
of nucleic acid molecules, but also to the detection of aptamer substrates
and some metal ions. Furthermore, benefiting from the versatility of the
sensing platform, a series of sensitive logic gates (“OR”, “INHIBIT”,
“AND”, “NAND” and “INHIBIT-OR”) were constructed with good spec-
ificity. The high sensitivity, flexible operations and the applicability in
real samples analysis make the constructed ECL-RET ratiometry and
logic gates as a promising platform for applications in disease diagnosis
and DNA computing.
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