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We design a ratiometricfluorescent sensing platform for bleomycin (BLM) by using proximity-dependent
DNA-templated silver nanoclusters (DNA-AgNCs) probe. This ratiometric sensing system is constructed
with DNA-AgNCs as single fluorophore. The proposed strategy is based on the two following facts: (1) a
covert DNA can approach and transform the DNA-AgNCs with green emission (G-DNA-AgNCs) into red
emission through hybridization reaction. (2) The specific cleavage of the convert DNA by BLM in the
presence of Fe(II) inhibits the discoloration of G-DNA-AgNCs. Thus, benefiting from the specific
recognition of BLM and unique properties of G-DNA-AgNCs, a highly-sensitive ratiometric sensor for BLM
has been successfully developed. The detection limit is as low as 30 pmol/L. This label-free fluorescence
probe possesses advantages of convenient synthetic process and low cost. Moreover, this ratiometric
method has been applied to the detection of BLM in human serum samples, illustrating a promising tool
for analysis of BLM in cancer therapy.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
DNA-templated silver nanoclusters (DNA-AgNCs) are a new
kind of fluorescent nanomaterial prepared through NaBH4-
mediated reduction of Ag+ in the presence of oligonucleotides
[1,2]. Particularly, their fluorescence properties are highly sensitive
to the sequences of templates. DNA-AgNCs with tunable fluores-
cence emission ranging from 400�900 nm can be obtained by
simply designing the template sequences without the complicated
covalent labeling of different dyes/materials [3]. Due to their
controllable fluorescence properties and simplicity of preparation,
DNA-AgNCs have been applied in target detection, bioimaging and
biosensing [4,5].

More interestingly, DNA-AgNCs exhibit proximity-dependent
properties. For example, Yeh’s group discovered that the proximity
to G-rich DNA increased the fluorescence intensity of DNA-AgNCs
by�500-fold [6]. Based on the target-adjustable distance between
the dark DNA-AgNCs and G-rich DNA, various proximity-depen-
dent biosensors have been designed for detection of DNA, miRNA,
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ATP, enzymes, antitumor drugs and etc. [7–11]. Ye’s group found a
stronger fluorescence enhancement up to �1500-fold when two
different dark DNA-AgNCswere in proximity to each other through
the complementary hybridization [12]. Some nanoassays for DNA,
Zr4+, and ATP have been developed based on such novel DNA-
AgNCs [13,14]. They found that two DNA-AgNCs with the same
templates also displayed a bright emissionwhen they were placed
together [15]. Nevertheless, these strategies are based on single-
wavelength measurement through “turn-on” or “turn-off” mode,
which usually suffer from the inevitable interference from
instruments or environment. Thus, the reliability of the measured
results would be degraded.

Ratiometric fluorescent strategies, which permit simultaneous
measuring the relative fluorescence values of two well-separated
wavelengths, can effectively solve the above problem [16–18].
Compared with single signal output, the ratiometric fluorescence
biosensors have achieved improved sensitivity and accuracy. Thus,
it is necessary to design DNA-AgNC-based ratiometricfluorescence
biosensors. Nevertheless, the research in this field is still in its
infancy [19,20]. There are even fewer reports about ratiometric
fluorescence biosensors by using proximity-dependent DNA-
AgNCs. Yang’s group designed a hairpin shape DNA with two
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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different templates at two terminals to synthesizeDNA-AgNCs. The
red fluorescence transforms to yellow when the two DNA-AgNCs
are separate from each other. In combination with the DNAzyme-
assisted cascade amplification, this ratiometric probe is used for
DNA detection [21]. Li’s group discovered that the proximity of a
special sequence (50-CACCGCT-T-30) can convert green-emissive
AgNCs into red-emissive DNA-AgNCs [22]. Based on this finding, a
sensitive ratiometric DNA biosensor based on the hybridization
proximity mode has been designed combined with catalyzed-
hairpin-assembly amplification strategy [23]. Moreover, a ratio-
metric fluorescence assay for Pb2+ has been developedwith target-
induced emission conversion of DNA-AgNCs in combination with
the Pb2+-dependent DNAzyme [24]. Such novel DNA-AgNCs
advocates new opportunities for ratiometric biosensing. However,
the design of such ratiometric probe based on target-induced
emission conversion remains scare.

As a glycopeptide-derived antibiotic, bleomycin (BLM) plays an
important role in the cancer therapy [25]. The activated metal-
bound BLM can selectively degrade DNA at 50-GC/T-30 site [26,27].
Various single signal fluorescence strategies have been developed
to detect BLM based on the scission ability of BLM towards DNA
[28–32]. There are few reports about ratiometric fluorescence
detection of BLM. Su’s group developed a ratiometric fluorescence
assay for BLM based on dual-emission nitrogen-doped graphene
quantum dots@gold nanoclusters assembly [33]. It is worth noting
that this ratiometric probe requires twofluorescent nanomaterials,
which undoubtedly make preparation complicated and operation
difficult. A single nanoprobe with dual emission would be an
instructive alternative for establishing a simple ratiometric sensing
system.

In this study, a novel ratiometric strategy was designed for
sensitive fluorescence detection of BLM based on proximity-
dependent fluorescence transformation of DNA-AgNCs for the
first time. Fig. 1 schematically depicts the working principle of
this ratiometric assay. This sensing platform is constructed
by the hybridization of G-DNA and R-DNA, both of which contains
twosegments. The30-endofG-DNA(50-T3-TTTTGCCTTTTGGGGACG-
GATA-30) acts as the template to synthesize AgNCs with green
fluorescence emission at 595 nm (G-DNA-AgNCs). The 50-end of R-
DNA (50-CACCGCT-T-30) acts as a convert DNA. The left segments of
both G-DNA and R-DNA can hybridize with each other. The
hybridization can bring the convert DNA in proximity to the G-
DNA-AgNCs to generate dsDNA-AgNCs. The dsDNA-AgNCs exhibits
strong emission at 680 nm. The spatial proximity between the
convertor sequence and G-DNA-AgNCs converts the green fluores-
cence emission into red fluorescence. Meanwhile, the convert DNA
[(Fig._1)TD$FIG]

Fig.1. Schematic illustration of the ratiometric fluorescence detection of BLMbased
on G-DNA-AgNCs.
can be cleaved into two segments by BLM-Fe(II) complex because it
contains thecleavagesiteofBLM.Thus, theproximityofconvertDNA
to G-DNA-AgNCs can be prevented, resulting in the decrease of red
fluorescence intensities alongwith the increase of green ones.With
the fluorescence intensity ratio F680/F595 as output signal, a
ratiometric fluorescence sensor for BLM is proposed.

The G-DNA-AgNCs were synthesized according to the reported
method with a slight modification [23]. The preparation process of
the G-DNA-AgNCs and the detection procedures of BLM can be
found in Supporting Information. The transformation electron
microscopy (TEM) images of G-DNA-AgNCs were shown in Fig. S1
(Supporting information). The morphology is mainly spherical and
the average diameters are about 5.0 nm (Fig. S1A). The high-
magnification image shows that they arewell-separated from each
other (Fig. S1B). An absorption peak at about 3 keV in energy
dispersive spectroscopy (EDS) indicates the generation of metallic
AgNCs [34] (Fig. S1C). The UV– vis spectrum of G-DNA-AgNCs
shows that there are three absorption peaks at 395 nm, 428 nm,
and 482 nm, respectively (blue curve, Fig. S1D). There is a
maximum emission peak at 595 nm only when excited at
489 nm due to the Stokes shift (black and red curves, Fig. S1D).
In contrast, the maximum emission peak of dsDNA-AgNCs locates
at 680 nm when excited at 574 nm (Fig. S2 in Supporting
information).

Experiments were carried out to study the feasibility of this
ratiometric strategy for BLM detection. The G-DNA-AgNCs shows a
strong fluorescence emission at 595 nm (Fig. 2A). After hybridiza-
tion with R-DNA, the maximum fluorescence emission peak shifts
to 680 nm. Upon addition of BLM-Fe(II) complex, the fluorescence
intensity at 680 nm decreases while that at 595 nm increases.
Accordingly, the fluorescence intensity ratio F680/F595 decreases
obviously. In contrast, either BLM or Fe(II) does not induce the
obvious changes of fluorescence intensity ratio F680/F595. There-
fore, the fluorescence conversion of G-DNA-AgNCs can be used for
ratiometric detection of BLM.

Circular dichroism (CD) spectra were used to investigate the
secondary structure changes of G-DNA-AgNCs during the process
of hybridization and target addition. As shown in Fig. 2B, a
positive peak at 273 nm and a negative peak at 245 nm are
referred to the single stranded G-DNA-AgNCs [35]. After
hybridization with R-DNA, a red-shift of negative peak to
252 nm and a decrease in intensity was observed along with a
red-shift of the positive peak to 283 nm and a remarkable
increase in intensity. The results indicate that G-DNA-AgNCs form
an analogous hairpin structure in the presence of R-DNA [36].
When BLM-Fe(II) complex is present, the negative peak shifts
from 252 nm to 246 nm and the positive peak shifts from 283 nm
to 277 nm, indicating the formation a typical DNA duplex [37].
The convert DNA can be cleaved by BLM-Fe(II), inhibiting the
formation of an analogous hairpin structure.

Experimental results showed that the responses of this
ratiometric strategy towards BLM was dependent on reaction
time, the molar ratio of G-DNA to R-DNA, metal ions, and the ratio
of BLM to Fe(II). The optimal experimental conditions were as
shown in Fig. S3 (Supporting information).

Under the optimal conditions, the analytical performance of
this ratiometric system for BLM was explored with the results
shown in Fig. 3. With the increasing concentration of BLM, the
fluorescence intensities at 680 nm and 595 nm decrease and
increase simultaneously. The fluorescence ratios F680/F595 decrease
obviously along with the increasing BLM concentrations. Two
linear relationships are found in the concentration ranging from
0.1 nmol/L to 100 nmol/L and 100�10000 nmol/L. The regression
equation is F680/F595 = 6.807�0.4094lgC (R2 = 0.9971) and
F680/F595 = 9.644�2.238lgC (R2 = 0.9974), respectively. The detec-
tion limit is calculated to be 30 pmol/L based on 3 Sb/slope.
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Fig. 2. (A) Fluorescence emission spectra of (a) free G-DNA-AgNCs, (b) G-DNA-AgNCs + R-DNA, (c) G-DNA-AgNCs + R-DNA + BLM-Fe(II), (d) G-DNA-AgNCs + R-DNA + BLM and
(e) G-DNA-AgNCs + R-DNA + Fe(II). (B) CD spectra of (a) free G-DNA-AgNCs, (b) G-DNA-AgNCs + R-DNA, (c) G-DNA-AgNCs + R-DNA + BLM-Fe(II).

[(Fig._3)TD$FIG]

Fig. 3. (A) Fluorescence emission spectra and (B) the ratio F680/F595 of the G-DNA-AgNCs in the presence of R-DNA and BLM-Fe(II) with various concentrations (0, 0.1, 0.25, 0.5,
2.5, 25, 50, 100, 250, 500, 1000, 2500, 5000, 10,000, 20,000 nmol/L).
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Comparison of different fluorescent probes for the detection of
BLM is listed in Table S1 (Supporting information). It can be seen
that this ratiometric strategy possesses a wider linear range and
the detection limit is 3 orders of magnitude better than that of
“turn-off” strategy based on DNA-AgNCs. However, in comparison
with those of reportedmethods based on other fluorescent probes,
the detection limit of this ratiometric strategy is almost 1 order of
magnitude better. The remarkably improved sensitivity is ascribed
to the ratiometric responses, which eliminates system errors and
reduce the influence of solution background. It is worth of noting
that the presented ratiometric nanoprobe is one fluorophore with
dual fluorescence emission, which is simpler and more cost-
effective than those with two kinds of nanomaterials.

The selectivity of this assay was conducted with the results
shown in Fig. S4 (Supporting information). It can be seen that BLM
induces an obvious decrease in fluorescence intensity ratio
F680/F595. In contrast, other antibiotics even with high concentra-
tion up to 10mmol/L cannot induce the obvious changes for
fluorescence intensity ratio F680/F595. These results indicate that
this method exhibits a high selectivity, which is mainly ascribed to
BLM-induced irreversible cleavage towards DNA.

To confirm the validity of this ratiometric method for the real
sample analysis, BLM in human serum samples were detected.
Fig. S5 (Supporting information) shows the analysis results of this
method in the presence of various concentrations of BLM in serum
samples. As the concentrations of BLM increase from 0 nmol/L to
9000 nmol/L, the fluorescence intensities at 680 nm decrease
gradually while the fluorescence intensities at 595 nm increase
gradually. Two linear relationships are found in the concentration
ranging from 2.5 nmol/L to 100 nmol/L and 100�9000 nmol/L. The
regression equation is F680/F595 = 5.73�0.340lgC (R2 = 0.997) and
F680/F595 = 9.50�2.21lgC (R2 = 0.993), respectively. A similar linear
relationship is obtained in comparisonwith that obtained in buffer,
indicating that the application feasibility of this method in
biological samples.

This ratiometric method was also applied to detect BLM in the
commercially available BLM hydrochloride for injection. A certain
amount of BLM was dissolved with 20mmol/L NaAc solution to
obtain 200mmol/L stock solution followed by analysis with this
method. The measured concentration with this method was
480 nmol/L, which was well matching the corresponding actual
BLM content (500 nmol/L). Three known amounts of standard BLM
were added into the real samples and the analysis results were
shown in Table S2 (Supporting information). The recoveries in the
range of 93.0%–97.6% were obtained, indicating this method is
promising in accurate measurement of BLM in injection.

In summary, we have developed a ratiometric fluorescence
sensing system for BLM based on proximity-dependent fluores-
cence transformation of DNA-AgNCs. Due to the irreversible
scission of convert DNA by BLM, the DNA-AgNCs present distinct
discoloration from red to green. This ratiometric sensor exhibits
high sensitivity for BLM. The recognition DNA cleavage of BLM
makes this method excellent specificity. Compared to the sensing
system requiring two or more conjugated fluorophores, this



L. Liu et al. / Chinese Chemical Letters 32 (2021) 906–909 909
ratiometric sensing system use DNA-AgNCs as only single
fluorophore. Thus, this label-free probe design is convenient and
cost-effective. The proximity-dependent discoloration of DNA-
AgNCs makes them great potential in ratiometric fluorescence
sensors.
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