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ARTICLE INFO ABSTRACT

Metal-organic gels (MOGs), a kind of soft materials, were reported as a brand new category of novel solid
coreactants for enhancing electrochemiluminescence (ECL) of Ru (bpy)ngr and derivatives. In this work, silver-
based MOGs (Ag-MOGs) prepared by a one-step mixing and heating approach were demonstrated as novel
efficient solid-state coreactants which differ from the previous research on ECL coreactant nanomaterials. It was
discussed that the possible enhancement mechanism was due to the amino-rich groups and the electro-catalytic
effect of Ag-MOGs, endowing them promising coreactants for the enhancement of Ru (bpy)s?>™ ECL.
Interestingly, Ag-MOGs can also enhance the ECL signal of Ru (phen);>*, a derivative of Ru (bpy);>* that can
specifically insert into double strand DNA, further manifesting the as-prepared Ag-MOGs can be served as ideal
coreactant materials. Based on the Ru (phen)s®*/Ag-MOGs system, a label-free signal-on ECL biosensor for
detecting of target DNA was constructed to illustrate the potential application of Ag-MOGs. This research pre-
sents an effective coreactant for Ru luminophore-based ECL systems, which not only broadens the potential

Keywords:

Metal-organic gels
Electrochemiluminescence
Coreactant

Label-free biosensing

application of MOGs, but also offers a unique insight into the coreactant materials.

1. Introduction

Nowadays, electrochemiluminescence (ECL) has become an ex-
ceedingly superior analytical method that has appeared in various re-
search fields due to the distinctive advantages of nearly zero back-
ground and high sensitivity (Guo et al., 2018; Hu and Xu, 2010; Liu
et al., 2015). In particular, tris(2,2’-bipyridyDruthenium (II) (Ru
(bpy)s>™)-coreactant system in the region of positive potentials (oxi-
dative-reduction mechanism) has achieved overwhelming success even
in commercial application, thanks to their high ECL efficiency and
stable signal in aqueous solution (Miao, 2008; Valenti et al., 2016).
There is no doubt that tripropylamine (TPA) as the classic coreactant
can significantly enhance the ECL emission, but TPA itself is toxic,
corrosive, and volatile, which will hinder its further application, espe-
cially for immunoassay and DNA detection of Ru (bpy)s>* (Liu et al.,
2007b). Therefore, some other molecules which are more en-
vironmentally friendly employed as coreactants of Ru (bpy)s>* were
reported, such as 2-(dibutylamino)ethanol (DBAE) (Wu et al., 2014). In
comparison with those organic molecular coreactants, nanomaterials
with unique features and superior enhancements are more likely to
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receive the favor of researchers. For example, Wang et al. reported that
the stable and enhanced ECL in the system of boron nitride quantum
dots (BNQDs) and Ru (bpy)g,2+ (Xing et al., 2018b). Zhang's group re-
vealed that graphene quantum dots (GQDs) could be used as novel
coreactant in ECL process in Ru (bpy)32+/GQDs system (Qi et al.,
2017b). In addition, zero-dimensional nanodots (carbon nanodots and
CdSe QDs) were reported as the coreactants of Ru (bpy)32+ by Pang's
group and Zhu's group, respectively (Dong et al., 2015; Long et al.,
2014). Notably, Cola's group developed the self-enhancing ECL by
covalently linking coreactant amine-rich nitrogen-doped carbon nano-
dots and luminophore Ru (bpy)s2* (Carrara et al., 2017). However,
obtaining these reported nanomaterials inherently required complex
and time-consuming procedures, utilization of organic solvent, or the
possible batch to batch variation, which are unfavorable for further
applications. In addition, it is not difficult to find that the currently
reported coreactant nanomaterials are mainly concentrated in zero-di-
mensional nanodots, and other types of materials have rarely been re-
ported as coreactants. In these regards, it is very promising to develop a
new category of nanomaterial as novel coreactant candidates using a
rapid, facile and green route.
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Scheme 1. (A) The preparation of Ag-MOGs and the proposed possible mechanism for enhancing ECL of Ru (bpy)s2*. (B) Illustration of the HCR-based label-free

biosensor for detecting target DNA.

In these years, metal-organic gels (MOGs), the smart coordination
polymers soft materials, are appearing as alternative candidates to well-
known metal-organic frameworks (Vallejo-Sanchez et al., 2017). This
kind of gels has gradually become new stars in the field of sensing (Peng
et al.,, 2017; Shih et al.,, 2017; Tang et al., 2018), adsorption
(Jayaramulu et al., 2017), catalysis (Karan et al., 2017; Tu et al., 2007),
crystal phase transition (Qi et al., 2017c), or antibacterial (Qin et al.,
2015; Thakur et al., 2018). Recently, our group reported terbium-based
organic gels can be used as the novel ECL emitters (Li et al., 2018),
which motivated us to explore whether MOG materials can also be used
as ECL coreactants. As we all know, on the one hand, various auxiliary
moieties such as amide/amine hydrogen-bonding motifs and long alkyl
chains have been introduced into coordination polymers to assist the
gelation process (Falcone and Kraatz, 2018; Sun et al., 2018; Zhang and
Su, 2013). On the other hand, previous works indicated that a wide
range of amino compounds have great potential as the “oxidative-re-
duction” coreactants in ECL field (Fahnrich et al., 2001; Kitte et al.,
2016; Li et al., 2017). Thus, MOGs materials have great potential to be
revolutionary ECL coreactants due to their extremely facile synthetic
method and the rich potential amino functional groups. Keeping in
mind that there are no related report, it is an exciting chance to prepare
novel MOGs with a facile way and gather efficient ECL enhancement
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performance.

Melamine (1,3,5-triazine-2,4,6-triamine), which has a number of
amino-groups, possesses unusual coordination ability with metal ions
and has been used to synthesize various functional materials (Bai et al.,
2018; Fei et al., 2013). MOGs materials obtained by employing mela-
mine as the ligand can combine the advantages of simple synthesis and
retain the rich amino sites. Thus, melamine may be applied as a good
candidate of complexing agent to acquire ECL coreactant materials.

With these in mind, the silver-based metal-organic gels (Ag-MOGs)
were reported as novel solid coreactants for enhancing ECL of Ru
(bpy)s2*. Ag-MOGs were synthesized via a rapid one-step mixing and
heating route which only required to mix amino-rich melamine and
Ag™ for self-assembly. Intriguingly, when Ag-MOGs were introduced as
ECL coreactants, the Ru (bpy);>* exhibited a significant around 40-fold
enhancement ECL intensity and stability in the presence of Ag-MOGs.
Further, Ag-MOGs was found to enhance the ECL of Ru (phen)32+ (see
Fig. S1 for the structure), the derivative of Ru (bpy)32+, as well. The
potential application of Ag-MOGs as the coreactant was illustrated by
detecting target DNA. This work has offered an extremely new cor-
eactant material that is completely different from the currently reported
coreactant nanomaterials, and is highly likely to be widely used due to
the rapid green synthesis and excellent ECL enhancement performance.
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2. Experimental section

Reagents and characterized instruments in

Supplementary Data file.

were presented

2.1. Preparation of Ag-MOGs

Ag-MOGs was obtained through a facile one-step mixing and
heating method. In a typical preparation of Ag-MOGs, 10 uL of 2.5M
AgNO; aqueous solution was added to 2 mL of 25 mM melamine aqu-
eous solution, the solution was heated at 80 °C for about 30 s to obtain
the clear solution, then taken out and slowly cooled at room tempera-
ture. Finally, the opaque white metal-organic gels were observed and
evaluated based on the tube inversion test (Fig. S2). It's interesting that
only Ag* can specifically form hydrogel with melamine, and other
metals do not form gels with melamine (Fig. S3). For further use, the
Ag-MOGs was dried by freeze-drying treatment to obtain the Ag-MOGs
powder.

2.2. Fabrication of Ag-MOGs modified GCE

All GCE (® = 3mm) used during this experiments were first po-
lished with 0.3 and 0.05 um Al,O3; powder, followed by successive so-
nication with ethanol and distilled water, then the cleaned electrodes
were allowed to dry in a N, atmosphere. Subsequently, 5 L of 2 mg/mL
of Ag-MOGs was dropped to GCE surface and dried at room tempera-
ture. Afterwards, the Ag-MOGs/GCE was applied for further electro-
chemical measurements.

2.3. Construction of Ru(phen)s** /Ag-MOGs biosensing platform

The construction process was sketched as scheme 1B. All the hairpin
DNA were annealed by heating at 95 °C for 3 min and slowly cooling to
25 °C. The proposed ECL signal-on biosensor of detecting target DNA
(tDNA) employs DNA sequence related to urinary tract infections as the
model DNA (Chen et al., 2012). The label-free ECL biosensor based on
HCR was constructed as follows: 5uL of 2mg/mL of Ag-MOGs and
AuNPs were dropped on the GCE, respectively. Then, 5uL of 2puM
thiolated capture DNA (cDNA) was dripped onto the modified electrode
and incubated overnight, then 1 mM 6-mercapto-1-hexanol (MCH) was
used to blocked non-specific sites for 2 h. Next, 8 uL of tDNA was added
to the electrode and incubated for 2h. Subsequently, 5pL of hairpin
DNA H1 and H2 (1 mM each) was dropped to the prepared electrodes
and incubated for 4 h. Afterwards, 8 uL. of 2mM of Ru (phen)32+ was
dropped on the electrode and incubated for 5h. The electrode was
rinsed with buffer solution after each step. At last, ECL intensity of the
resulting modified electrodes were tested from 0 to 1.3V (versus Ag/
AgCl).

3. Results and discussion
3.1. Characterization of Ag-MOGs

The morphological property of this facile one-step synthetic gel was
investigated by scanning electron microscope (SEM). The SEM image
(Fig. 1A) revealed the fibrous nature of the obtained Ag-MOGs; the
three-dimensional nanofibers have a diameters of about 250 nm and
can reach a length of several micrometers. Next, the viscoelastic (gel)
property of this gel was characterized by rheology investigation. Fig. 1B
showed the variation of storage modulus (G’) and loss modulus (G”)
relative to applied frequency for Ag-MOGs. G’ and G” are almost in-
dependent frequencies and G’ was greater than G” at any given point,
indicating the true gel-like nature of Ag-MOGs which was consistent
with the visually observable inverted phenomenon (Fig. 1B, insert). To
explore the coordination of melamine and Ag™, Fourier transform in-
frared (FTIR) spectrometer and 1H nuclear magnetic resonance (*H
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NMR) spectra were carried out. As shown in Fig. 1C, the vibration
frequencies of the semicircle stretching of triazine ring at 1465 to
1436 cm ! shifted to 1440 to 1393 cm ~ !, indicating that the lone pair
of electrons of a nitrogen atom donated to Ag* (Bairi et al., 2011). The
H NMR spectra of melamine and Ag-MOGs (Fig. 1D) showed that the
coordination of Ag* and melamine caused the chemical shifts of mel-
amine in the range of 2.0-8.0 ppm to move slightly upfield with a shift
of 0.5 ppm, which presumably ascribed to that aromatic protons ex-
perienced a shielding effect by the i cloud of the neighboring aromatic
moiety through st-;t or C-H ... &t interations (Majumder and Dastidar,
2016). These results manifested the coordination of melamine and Ag™,
and the presence of st-mt stacking.

X-ray diffraction analysis (XRD) and X-ray photoelectron spectro-
scopy (XPS) were surveyed to further analyze the chemical and physical
structure of Ag-MOGs. The XRD of AgNO3, melamine and formed Ag-
MOGs were compared, as shown in Fig. 2A. The distinct XRD patterns
of the components and Ag-MOGs indicated the different crystalline
structures. Especially for Ag-MOGs, the amorphous nature of this ma-
terial was confirmed by the selected area electron diffraction (SAED)
investigation (Fig. S4) (Dhara et al., 2014). Further, the surface che-
mical compositions of the Ag-MOGs was analyzed by XPS. As shown in
Fig. 2B, the main strong carbon (C 1s), nitrogen (N 1s) and silver (Ag
3d) signal peaks are presented in the XPS analysis which was in
agreement with the SEM-EDS results (Fig. S5), consequently demon-
strating the existence of a large amount of these elements.

3.2. Ag-MOG:s as the efficient coreactants of Ru(bpy. 2

As the “war horse” in ECL systems, Ru (bpy)s2™*, generally follows
the coreactant ECL pathway based on a reaction cascade between the
sacrificial coreactant species and the luminophore (Sentic et al., 2014).
With the ever-increasing development of nanotechnology, novel ECL
coreactant nanomaterials are in great demand. In this article, we de-
veloped the Ru (bpy)s>* /Ag-MOGs system, in which Ag-MOGs was the
coreactant and Ru (bpy)32+ was the emitter. As Fig. 3 shown, pure
1 mg/mL Ru (bpy)s>" only had an extremely weak ECL intensity (about
70 a. u), which is consistent with previous reported that individual Ru
(bpy)s>* can emit weak light obeying the annihilation pathway
(Richter, 2004). But individual Ag-MOGs exhibited no ECL intensity,
indicating that Ag-MOGs can't perform as ECL emitters in this system.
Strikingly, in the presence of Ag-MOGs, an obvious enhanced ECL
(about 40-fold enhancement) of Ru (bpy)32+ was observed. These re-
sults suggested that the ECL emission of Ru (bpy)s** /Ag-MOGs system
was derived from Ru (bpy)s?* and enhanced by Ag-MOGs.

Further, the influence of Ag-MOGs concentration and pH were also
investigated. As shown in Fig. S6A, the ECL intensity increased sharply
correspondingly as the pH increased from 5.5 to 7.5, indicating that
deprotonation is a key step in the ECL process (Qi et al., 2017a). But the
ECL intensity decreased at higher pH, which may be due to that the
over-alkali conditions may damage the MOGs materials and do not
allow the materials to be well immobilized on the electrode surface.
Similarly, the ECL intensity increased with the concentration of Ag-
MOGs in a range of 0.25mg/mL to 2mg/mL due to that more cor-
eactants will participate in the ECL process (Fig. S6B). But the ECL
intensity will decreased if further increase of the concentration of Ag-
MOGs, which could attribute to the side reactions at high-concentra-
tions (Liu et al., 2007a).

To further shed light on the mechanism of Ag-MOGs as coreactants,
UV-vis absorbance, cyclic voltammogram (CV) measurements and
corresponding ECL measurements were performed. As can be seen in
Fig. S7, in the range of 220-650 nm, the UV-vis spectra of mixture of Ru
(bpy)s®* /Ag-MOGs was nearly equal to the sum of the separated Ru
(bpy)s2* and Ag-MOGs. This revealed that there was no new species
formed in the mixture of Ag-MOGs and Ru (bpy)s>* and the ECL
emission would be attributed to the reaction between the substances
obtained by the electrochemical reaction of Ru (bpy)s®* and Ag-MOGs.
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Fig. 1. (A) SEM characterization of Ag-MOGs. (B) Plot of storage modulus (G”) and loss modulus (G”) with frequency for Ag-MOGs. The insert: the photograph of
inverted Ag-MOGs. (C) FTIR spectra of melamine and Ag-MOGs. (D) H NMR spectrum of Ag-MOGs and melamine.
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Fig. 2. (A) XRD pattern of AgNO3, melamine and Ag-MOGs. (B) XPS survey of Ag-MOGs.

Subsequently, we compared the ECL-potential curves of Ru (bpy)s>*,
Ag-MOGs, and Ru (bpy)s>*/Ag-MOGs, Ru (bpy)s>*/Ag*, Ru
(bpy)s>*/melamine systems, respectively. As shown in Fig. 4A and
Fig. 4B, the ECL emission of Ru (bpy)s*>* can be enhanced in the pre-
sence of Ag-MOGs or melamine, indicating that the enhancement of Ru
(bpy)s2* by Ag-MOGs may derive from the ligand (melamine). In order
to verify our speculation, we carried out the CV experiments. Fig. 4C
shows the CV curves of 1 mM Ru (bpy)s®™ on the 5 L of 2 mg/mL Ag-
MOGs modified GCE surface in PBS, respectively. In the absence of Ag-
MOGs, only the reversible oxidation peak of Ru (bpy)32Jr was observed;
and the bare Ag-MOGs shows a oxidation peak at about 0.6 V. However,
upon addition of Ag-MOGs, the intensity of the oxidation peak of Ru
(bpy)s>* increased. The performance may suggest the catalytic effect of
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Ag-MOGs on the Ru (bpy)s>* oxidation (Jin et al., 2010; Miao et al.,
2002). In addition, the oxidation peak of Ag-MOGs moves to a lower
potential (about +0.5 V), indicating that Ru (bpy)32+ can also promote
the oxidation of Ag-MOGs, which is beneficial for the ECL process.
These results indicated the synergistic effect between Ag-MOGs and Ru
(bpy)s2™*, which ensured the efficient ECL processes. The CV curves of
Ru (bpy)s®*, melamine, and Ru (bpy)s** /melamine system in Fig. 4D
showed that melamine remarkably increased the oxidation and reduc-
tion current, manifesting a Ag-MOGs catalytic effect on Ru (bpy)s>*
oxidation. These results above demonstrated that Ag-MOGs can be used
for enhancing ECL of Ru (bpy)s*>*, and the enhancement source is
mainly from the ligand of Ag-MOGs. However, the effect of Ag-MOGs
for enhancing ECL is significantly better than that of melamine, which
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may be due to that the presence of richer amino components in the gel
after the coordination of melamine and Ag™.

From the observed behavior above, a possible mechanism was
proposed, sketched as scheme 1A. The higher ECL signals caused by Ag-
MOGs may derive from the catalytic oxidation between the amino
group of Ag-MOGs and Ru (bpy)s**. Briefly, the amino group of Ag-
MOGs and Ru (bpy);>* were firstly electrochemically oxidized to Ag-
MOGs (—NH,*") and Ru (bpy)33 * on the electrode surface, respectively.
Then, the Ag-MOGs (—NH, ") experienced a deprotonation process and
generated the reducing intermediate Ag-MOGs (—NH). Finally, the re-
duced Ag-MOGs (—NH) reacted with oxidized Ru (bpy)33+ to form the
excited state Ru (bpy)s2** which can produce ECL emission when it

Biosensors and Bioelectronics 134 (2019) 29-35

back to the ground state (Xing et al., 2018a). Thus this mechanism was
similar to that proposed for the Ru (bpy)ngr /TPA ECL system (Richter,
2004) and summarized as follows:

Ru(bpy)s** - e — Ru(bpy)s>* )
Ag-MOGs(—NH,) — e — Ag-MOGs(—NH,*") 2
Ag-MOGs(—NH,*) — H* — Ag-MOGs(—NH) 3)
Ag-MOGs(—NH) + Ru(bpy)s;>*™ — Ru(bpy)s>** + products (€))
Ru(bpy)s*** — Ru(bpy)s>* + ho 5)

3.3. Application of Ag-MOGs as solid-state coreactants in nucleic acid
detection

Although Ru (bpy)s®* has many advantages in the ECL system, Ru
(phen);>*, an analog of Ru (bpy)s®*, which can highly affinity em-
bedded in the groove structure of double strand DNA (ds-DNA), was an
efficient ECL signal molecule and more advantageous than Ru (bpy)s2*
in the nucleic acid detection (Peng et al., 2018; Wang et al., 2018). To
our surprise, the as-prepared Ag-MOGs also can efficiently enhance the
ECL signal of Ru (phen)ngr in neutral conditions, as shown in Fig. S8,
suggesting that Ag-MOGs can be employed as the coreactants of Ru
(phen)32+.

To demonstrate the potential application of Ag-MOGs, a “signal-on”
HCR-based biosensor was constructed for the detection of tDNA. Firstly,
the feasibility of HCR amplification was examined by native poly-
acrylamide gel electrophoresis (PAGE) analysis. As seen in Fig. S9, since
both capture DNA (cDNA) and target DNA (tDNA) are short single-
strand DNA, no significant bands are visible on the electrophoresis, but
the mixture of cDNA and tDNA (Lane 3) showed distinct bright band,
demonstrating that they can hybridize to form double-stranded DNA.
Compared to Lane 1, the weak and longer band in Lane 4 indicated
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Fig. 4. (A-B) ECL-potential curves of individual Ag-MOGs, individual Ru (bpy)s>*, Ru (bpy)s>* /Ag-MOGs system, Ru (bpy)s*>*/Ag™ system, and Ru (bpy)s>*/
melamine systems. (C) CV curves of Ru (bpy)s>*, AgMOGs, and Ru (bpy)s®>*/Ag-MOGs system, respectively. (D) Cyclic voltammetry curves of Ru (bpy)s®*,

melamine, and Ru (bpy)s?* /melamine systems, respectively.
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Fig. 5. (A) ECL response of constructed biosensor to various concentration of target DNA (a-g: 0, 10, 50, 100, 250, 1000, 2500 fM) (B) The resulting calibration plot,

R? = 0.993.

hairpin H1 can hybridize with tDNA. In addition, the mixture of H1, H2
and tDNA (Lane 5) possessed the lowest migration rate, indicating that
the system behaved as expected: half of the sequence in tDNA react
with ¢cDNA to form double strand, and the other half of the sequence
opens hairpin H1, followed by a subsequent HCR reaction. That is,
tDNA was used as the “link-DNA” to link ¢cDNA and the mixture of H1
and H2.

The fabrication procedure was displayed as Scheme 1B, the detailed
nucleic acid sequences are placed in Table S1. In short, Ag-MOGs and
gold nanoparticle (AuNPs) were immobilized onto GCE first, then the
thiolated modified capture DNA (cDNA) was introduced to the surface
of GCE via Au-S bond. In the presence of the tDNA, each tDNA molecule
has the capability to trigger the HCR between hairpin H1 and H2 to
form an extended dsDNA polymer. Finally, a large number of Ru
(phen);>* were intercalated into the grooves of the dsDNA polymers.
The result is that the ECL response of the biosensor correlated with
different concentration of the tDNA. The more tDNAs were introduced,
the more double strand DNAs are generated, the more Ru (phen);>*
were embedded into the double strand DNAs, and the resulting ECL
signal will be stronger.

The designed ECL biosensor based on Ru (phen)s?* /Ag-MOGs was
used to quantitative measurement of target DNA. In Fig. 5A, the ECL
intensity (I) increased accordingly with the increasing concentrations of
target DNA. The ECL intensity was linearly with the logarithm of con-
centration of target DNA (log Ctarged) in the range from 10 fM to 2.5 pM.
The linear regression equation was I = 1449.3 + 755.9 1og Cargec With
a limit detection of 3.2fM (S/N = 3), and the correlation coefficient
was R? = 0.993 (Fig. 5B). Compared to previously reported nucleic acid
detection systems, our Ru (phen)s>* /Ag-MOGs system displayed com-
parable or even better sensitivity (Table S2). In addition, we examined
the selectivity because the specificity of a sensor play an important role
in analytical testing. The selectivity of biosensors was evaluated by
using complementary, three-base mismatched and non-cDNA sequence
as trigger DNA, respectively (Fig. S10). In line with our expectations,
the ECL signal did not show an obvious change, which means that the
Ag-MOGs biosensor could provide a selective platform for quantitative
detection of target DNA.

4. Conclusions

In summary, the unrevealed ECL enhancement property of Ag-
MOGs was investigated by employing Ru (bpy)s>* as model ECL lu-
minophore. Compared with bare Ru (bpy)s>*, a 40-fold enhanced ECL
was obtained thanks to the synergistic effect of Ag-MOGs and Ru
(bpy)s>*. Further, a signal-on biosensor based on the label-free HCR
amplification was constructed to detect target DNA with desirable
stability and selectivity. Notably, Ag-MOGs as the efficient coreactants
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has some unique advantages compared with previous reports: (i) ex-
tremely green and mild synthetic method without complex post-pro-
cessing; (ii) a new class of solid-state coreatants that differ from more
reported nanodots; (iii) significant ECL enhancement of Ru (bpy)32Jr
and its analogues in neutral conditions. This work pioneered the utili-
zation of MOGs materials as coreactants and opened a new horizon for
development of novel ECL coreactants, holding promise for potential
applications in various types of nucleic acid detection. Although we
confirmed the capability of Ag-MOGs to detect DNA in buffer solution,
developing more MOGs-composite materials and employing these ma-
terials for real clinical applications are also worthwhile consideration in
future works.
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