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A “signal on” approach for ultrasensitive detection of bleomycin was
developed by bleomycin-Fe(i) induced hairpin DNA scission to release
its loop, which was subsequently recycled with the aid of exonuclease
Il and a probe to amplify the detectable fluorescent signal.

Bleomycin (BLM) is a family of glycopeptide-derived antibiotics
produced by several Streptomyces species, and has been used
as chemotherapeutic agents in the clinical treatment of certain
cancers." Its molecule contains four functional domains (ESLt
Fig. S1). Its dose-limiting side effect possibly results from the renal
and lung toxicity, which can cause bad pulmonary fibrosis.>
Conventionally, to achieve the best therapeutic effect and quantita-
tively monitor the level of BLM, some reliable methods such as high
performance liquid chromatography,® immunoassay,”” and micro-
biological assay® have been developed. BLM-Fe(u) can selectively
degradate DNA vig C4'-H atom abstraction from deoxyribose in the
minor groove of DNA.'*? By using the scission function of BLM-Fe(n)
at 5'-GC-3' or 5'-GT-3’ site of the DNA strand,” an electrochemical
method for BLM detection down to 100 pM has been proposed with
ferrocene as a redox tag.® The BLM-Fe(n) induced DNA strand
scission has also been combined with a fluorophore labeled single-
stranded DNA to design a method for fluorescence detection of BLM
by different affinities of graphene oxide to DNA strands with different
lengths. To meet the requirements for BLM detection at the lower
level, this work designed an ultrasensitive “signal on” approach by
introducing for the first time a signal amplification technique into
the BLM-Fe(u) induced DNA strand scission. As a proof-of-concept, a
hairpin DNA with 5-GC-3’ sequence was first used for recognizing
BLM-Fe(u) and then performing a signal amplification process via
DNA recycling in the presence of a fluorophore and its quencher
co-labeled DNA probe and exonuclease III (Exo III).

DNA recycling oriented amplification, in which one DNA
strand can be repeatedly utilized to trigger multiple signal probes,
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has been widely applied for sensitive detection of DNA,'® RNA,"
proteins'® and metal ions,"? because it successfully overcomes the
inherent limitation of the target-to-signal ratio of 1:1 in the
traditional assay. Typically, the DNA cycling procedure can be
performed via nuclease e.g. polymerase,"* endonuclease™ and
exonuclease III (Exo I11)."® Among them, Exo 11 is frequently used
because of its easy availability, excellent cyclic efficiency and the
wide applicability that does not require a specific recognition site
and can catalyze the stepwise removal of mononucleotides from
the blunt 3’ terminus of double-stranded DNA. Exo IIl-assisted
DNA recycling has been applied for sensitive detection of various
biomolecules in combination with molecular beacons,"” quan-
tum dots'”” and graphene oxide.'” This work used the product
of BLM-Fe(u) induced molecular beacon scission to trigger the
Exo III assisted DNA recycling, and thus led to a novel concept
for ultrasensitive fluorescence detection of the scission agent,
BLM-Fe(u), which is quickly formed by the in situ complex of BLM
with Fe®" and used for DNA degradation (Scheme 1).

First, a specific hairpin DNA was designed with two 5’-GC-3’
sequences in its stem. Upon the complex of BLM with Fe(u),
BLM-Fe(u) induced hairpin DNA strand scission was triggered
at the 5’-GC-3’ sites of the stem, and the loop of hairpin DNA
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Scheme 1 Schematic representation of fluorescence detection strategy of BLM
via BLM-Fe(i) induced scission coupled with Exo Ill-aided DNA recycling ampli-
fication. F and Q are FAM and BHQ, respectively.
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(R-DNA) was released to hybridize with the probe 1 (P,), which is
modified with a carboxyfluorescein (FAM) fluorophore at its 5’
terminus and a black hole quencher (BHQ) at an internal posi-
tion, to form a double-stranded structure. Subsequently, Exo III
catalyzed the stepwise removal of P, from the blunt 3’ terminus to
liberate the fluorophore and ultimately released the R-DNA. In
this manner, the recycling of R-DNA was formed by the digestion
of Exo III to accumulate free fluorophores. Therefore, the
enhanced fluorescence signal was obtained, providing a possibi-
lity for ultrasensitive detection of BLM-Fe(n) and thus BLM.

In order to evaluate the amplification ability of the proposed
assay system, the fluorescence intensity of the assay system was
tested. As shown in Fig. 1, P, exhibited a weak fluorescence
emission since the fluorescence of FAM was quenched by the
BHQ (curve a), which were separated by 6 bases. Upon the
addition of Exo III into P; solution, the fluorescence intensity
slightly increased (curve b), which was attributed to the fact that
Exo IIT also digested a small part of single-stranded P,. After
adding hairpin DNA to this system, no fluorescence change was
observed (curve c), indicating P; could not completely hybridize
with the loop part of hairpin DNA to form double-stranded DNA
due to the limitation of space conformation, which led to the
absence of the recognition site of Exo III. Upon incubation with
BLM-Fe(u), the fluorescence sharply increased (curve d), indi-
cating the occurrence of BLM-Fe(u) induced strand scission in
the hairpin DNA to release the R-DNA and then to initiate the
Exo III-added DNA recycling, which led to the separation of the
FAM fluorophore from its quencher and thus an enhanced
fluorescence signal. The BLM-Fe(u)-related DNA recycling pro-
duced a highly sensitive method for the detection of BLM.

Polyacrylamide gel electrophoresis (PAGE) analysis was used to
investigate the viability of the assay strategy (inset in Fig. 1).
Compared with one band of hairpin DNA (lane a), the mixture of
hairpin DNA and BLM-Fe(u) showed two bands at longer electro-
phoresis distances (lane b), indicating the occurrence of BLM—
Fe(u) induced strand scission to produce two shorter DNA strands,
two different parts of the hairpin DNA. The faster band corre-
sponded to the released single stranded R-DNA and the later band
corresponded to the double stranded stem part of the hairpin DNA.
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Fig. 1 Fluorescence spectra of 1.0 umol L' P; @), a+5UExo lll (b), b+
1.0 umol L= hairpin DNA (c), ¢ + 10.0 nmol L~" BLM-Fe(1) for 30 min (d). Inset:
PAGE analysis of 1 pmol L~" hairpin DNA (a), a + 1.0 umol L~! BLM-Fe(i) (b), b +
1 umol L™' P, (c), c+ 5 U Exo Il (d), a+ 1 pumol L' P, (e) and e + 5 U Exo Il (f).
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After adding P; with the same amount as hairpin DNA into the
mixture of BLM-Fe(u) and hairpin DNA, P, hybridized R-DNA to
form dsDNA, which lowered the electrophoresis rate of R-DNA
and thus showed a band of the dsDNA at a shorter distance (lane c).
Upon addition of Exo III to the mixture, the band corresponding
to the double stranded stem disappeared and a new band
corresponding to the single stranded stem was observed at a
longer distance, while the band corresponding to R-DNA occurred
again (lane d). These appearances resulted from the degradation
of one strand in the dsDNA by Exo III. Thus the high scission
efficiency of Exo III to the blunt 3’ terminus of duplex DNAs for
DNA recycling was confirmed. On the other hand, the mixture of
hairpin DNA and P, showed one band (lane e) at a position
shorter than the hairpin DNA, indicating P; could hybridize with
the loop of the hairpin DNA in spite of the unfavourable con-
formation. After Exo III was added to the mixture of hairpin DNA
and P;, the band observed in lane e did not change (land f),
indicating that the formed double-stranded DNA did not contain
Exo III recognising blunt 3’ termini. Thus the hybridization of P,
to the loop part of the hairpin DNA was incomplete.

To obtain the good performance of the detection system, the
amount of Exo III and the time for both BLM-Fe(u) induced scission
and Exo III assisted DNA recycling were optimized at 1.0 nmol L™
BLM-Fe(u). At a reaction time of 1 h, the ratio of signal to back-
ground increased significantly with the increasing Exo III concen-
tration and reached a maximum value at 5 U (Fig. 2A). Therefore,
5 U was chosen as the optimum concentration of Exo III, at which
the ratio of signal to background increased with the increasing
reaction time up to 30 min (Fig. 2B). Therefore, 30 min was used for
simultaneous scission of hairpin DNA and DNA recycling.

Under the optimal assay conditions, the fluorescence inten-
sity increased dramatically with the increasing concentration of
BLM-Fe(n) from 0.1 pmol L™" to 100 nmol L™ (Fig. 3), suggesting
that the DNA probes were effective for fluorescence “signal-on”
detection of BLM. The fluorescent intensity change (F — F,) of
the detection system varied linearly with the logarithm value of
BLM-Fe(i) concentration from 1 pmol L™ to 10 nmol L™" (inset
in Fig. 3). The detection limit was estimated to be 0.38 pmol L™ " at
30. Here, F,, and F are the fluorescence intensity detected in the
absence and presence of BLM-Fe(u), respectively. The detection
limit was lower than those of electrochemical (100 pmol L") and
fluorescence (200 pmol L™") methods.’

To confirm the cause of the high sensitivity, a control
experiment in the absence of Exo III was carried out by using
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Fig. 2 Dependence of the ratio of signal to background for 1 nmol L~' BLM-Fe(1)
on (A) the amount of Exo Ill and (B) the reaction time. When one parameter
changes the others are under their optimal conditions.
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Fig. 3 Fluorescence spectra for 0, 107", 1072, 107", 107'%, 107, 102 and
1077 mol L™ target BLM-Fe(i) (from a to h) via BLM-Fe(i) induced scission
coupled with Exo lll-aided DNA recycling amplification. Inset: linear calibration of
F — Fo vs. logarithm of BLM-Fe(i) concentration.
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Fig. 4 Histograms of fluorescence intensity for 0.1 nmol L~' BLM (a), dauno-
rubicin (b), mitomycin (c), dactinomycin (d) and blank (e).

probe 2 (P,) instead of both hairpin DNA and P,. P, included
5-GC sequence as the recognition site for BLM scission to
restore the fluorescence of FAM. As shown in Fig. S2 (ESIT),
the fluorescent intensity changed linearly increased with the
increasing logarithm value of BLM-Fe(u) concentration in the
range from 0.1 nmol L' to 1 pumol L " with a detection limit of
23 pmol L', which was about 60 times higher than that
obtained in the presence of Exo III. At the same target concen-
trations of 0.1 and 1.0 nmol L™, the fluorescent intensity in the
presence of Exo III was 3.2 and 2.5 times higher than that in the
absence of Exo III, respectively. Therefore, the high sensitivity
was attributed to the Exo III-aided R-DNA recycling.

The selectivity of the designed method was evaluated by the
detection of three antitumor drugs (daunorubicin, mitomycin
and dactinomycin) at the same concentration. The peak intensity
at 517 nm for BLM, daunorubicin, mitomycin and dactinomycin
was about 3.22, 1.06, 1.04, and 1.05 times higher than the
background signal, respectively (Fig. 4). The results showed that
only BLM induced a significant fluorescence signal increase,
indicating that this method has good selectivity for discriminat-
ing BLM against other antitumor drugs. To test the generality of
our proposed assay in the clinical sample, recovery testing was
carried out by spiking BLM-Fe(u) solution into human serum.
At the concentration of 10~ and 10™° mol L™, the recoveries
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were 97.0% and 104% (n = 3), indicating that the proposed
fluorescent strategy for BLM could be used in real sample analysis.

In conclusion, this work presented a novel concept of Exo III-
aided DNA recycling amplification triggered by the BLM-Fe(n)
induced scission product for ultrasensitive fluorescence detection
of the scission agent. The scission and signal amplification strategy
could be completed in 30 min. This strategy showed a detection
limit down to the sub-picomolar level, which was about 2 orders of
magnitude lower than that of the conventional fluorescent analysis.
The proposed assay exhibited high selectivity for BLM against other
three important antitumor antibiotics, and satisfactory perfor-
mance in trace BLM determination in serum samples. This
designed method offered an interesting alternative approach for
the determination of trace amounts of BLM in clinical diagnosis.
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