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Abstract

In this paper we describe a label-free biosensocdoalyne, prepared by
combining DNA-stabilized silver nanoclusters (Ag §§@vith an exonuclease Il
amplification strategy. An artificial DNA probe hiag a polyadenine (poly-A) sequence
at both the 3"- and 5"-ends was used as a protetéot coralyne. In the absence of
coralyne, the probe existed in a hairpin confororathat left both its 3°- and 5”-ends
free. In the presence of coralyne, two adjacenhiagg(A) bases in the poly-A sequence
of the probe formed an,Ainit and then coordinated with coralyne through
non-Watson—Crick base pairing. The DNA probe, hgagaptured coralyne, was
subsequently digested by exonuclease Ill, evengththe distance between the énits
in the A—coralyne—A complex would be much larger than that found imown
Watson-Crick base pairing. After digestion, the DptAbe became a single-stranded
DNA (ssDNA) residue and released its captured goglThe liberated coralyne was
then coordinated by another DNA probe having thgmaconformation; as a result,
many ssDNA residues formed after digestion. Twalkiof Ag NCs having different
optical utilities were obtained: one correspondimghe hairpin conformational DNA
probe and the other to the ssDNA residue. Theréfffee in fluorescence intensity at
588 nm of these two kinds of Ag NCs reflected theaentration of coralyne. The linear
range (on a logarithmic scale) for detecting caralgpanned from 5 to 1000 nM, with

an estimated detection limit of 1.83 nM.

Keywords:. coralyne biosensor; silver nanoclusters; DNA probe; exonuclease I11
amplification
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1. Introduction

In recent years, non-Watson—Crick base pairingieas used to design many
oligonucleotide probes or molecular beacons for tyges of biosensors. For example,
a DNA sequence containing thymine (T)-rich unitbaith the 3"- and 5"-ends has been
employed as a specific identification and detecfiosbe for H§" ions [1-3]; the
formation of coordinated T-H&-T units (or not) led to the hairpin (or folded)rfoof
the oligonucleotide probe, turning the sensor aroff). A similar interaction between
cytosine (C) and Agions has been used to synthesize DNA-stabilidedrsi
nanoparticles or clusters through specific C-Aggognition and coordination [4-7].
These kinds of DNA-stabilized silver nanocompositage been used as, for example,
critical materials for fluorescent [7-9] and electnemical [5, 10] biosensors.

Alkaloids are abundant natural products; most efrtidisplay biological
activity—for example, anti-oxidant, anti-bacteriat,anti-tumor properties. Isolated or
synthesized alkaloids have been studied widelgwesal fields for many different
purposes. Coralyne
(5,6,7,8,13,13a-hexadehydro-8-methyl-2,3,10,1ateéthoxyberbinium chloride) is a
planar, protoberberine alkaloid. Protoberberinaglibe potential to be among the most
useful alkaloids, exhibiting anti-tumor activitiggat have already led to the
development of an anti-cancer drug [11-13]. Sewv&nallar compounds, including
palmatine, berberine, and sanguinarine, are alsblefor their high activities in
pharmaceutical treatments. Among these compoundaslyoe has displayed superior
efficacy in anti-tumor experiments as well as a towicity profile; as a result, it has
attracted the attention of clinical researcher® ifajor role played by coralyne is
related to the poisoning of topoisomerases | aftil] 15]. Although in recent years

there have been several approaches developedtémtidg coralyne using various

methods (Table S1), most of these analyses arelmatgual, in terms of their operating
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processes, and time-consuming. Coralyne promotegraditional pairing of

oligonucleotides having adenosine (A)-rich sequeift2, 16-18]. Two adjacent A units
first interact to form an Aunit. In the presence of coralyne, twaukits recognize and
bind a single coralyne molecule, forming ap-@oralyne—Acomplex [12, 16, 17], with
a binding constant of 1.0610° M~*[14, 19, 20] that is much higher than that of a
natural A—T base pair. Taking advantage of thisWatson—Crick base pair interaction,
the last decade has witnessed the developmenvefasenolecular beacons and
methods for the detection of coralyne [15, 21-24].

Changing the size or shape of a nanomaterial leatle changes in its physical
and chemical properties. Fluorescence measurercamtse applied for some noble
metals, particularly gold or silver, when their naluster (NC) sizes are on the order of
ten atoms, providing labels that function as aliues to fluorescent dyes, quantum
dots, and fluorescent proteins. These kinds ofenai@tal NCs have attracted great
interest because of their high molar absorptionsdgyuantum yields, low cytotoxicity,
and small dimensions. Nevertheless, there remaerakedrawbacks that limit the
application of these NCs—in particular, low stakilnd low environmental tolerance.
Petty et al. reported that DNA-stabilized silvenaelusters (Ag NCs) can exhibit good
stability without losing their fluorescence propest[25]. Furthermore, Ag NCs bind to
DNA bases, rather than to the sugar-phosphate baelf26, 27]. Among the four
nucleoside bases, the affinity of DNA sequencesgtdCs is strongest through their C
residues. Taking advantage of such affinity hamaadd tuning of the optical properties
of DNA-stabilized Ag NCs through changes in theusetge of the DNA template [28].
Furthermore, the structure of the DNA template @etermine the structure and size of
the formed Ag NCs [29-31]. In addition, the fluczerce spectrum and intensity depend
not only on the sequence of the DNA template b ah its structure. Several

applications have been developed to exploit chamgd® fluorescence properties of
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DNA-stabilized Ag NCs [30-33]. These approachevig® a facile means of
fabricating Ag NCs that display various fluoresceemission behaviors, while also
implying that it should be possible to design ndsiesensors based on these kinds of
DNA-stabilized Ag NCs.

Fluorescent Ag NCs have been used as alternabviasorescent dyes in sensing
and imaging systems because they are easy to prapdibecause they possess
size-dependent optical properties. In generalptietophysical properties of Ag NCs
depend on their morphology, oxidation state, amthsa ligands [32, 34, 35]. In
addition, changes in their morphologies and sizemlly lead to variations in
fluorescence intensity. Aggregation of Ag NCs casutt in distinct fluorescence
guenching phenomena and significantly decreasedefcence intensities. Nevertheless,
oligonucleotide loops can be used as protectivenadds that prevent Ag NCs from
aggregating. Cytosine-rich oligonucleotide loops areferred for the synthesis of
fluorescent Ag NCs [36-38].

In this study, we designed a DNA probe as theoalitiecognition material of a
label-free coralyne biosensor. This DNA probe bitadsoralyne through the formation
of an A—coralyne—A complex. The distances between the A units in thedralyne—
A, complexes were much longer than those found inlaedpase pairing. After
exonuclease Il had digested the coralyne-bound Phohe, the DNA probe became a
single-stranded DNA (ssDNA); this transformatiofeefed the formation of Ag NCs.
The reaction conditions for the synthesis of Ag N\W&se chosen to maximize the
difference in fluorescence. In particular, the deam the fluorescence intensity of the
Ag NCs, measured at a valuelgfx of 588 nm, was related to the concentration of
coralyne. The selectivity of this DNA probe for atyne has also been investigated.

Scheme 1 displays the analytical protocol developéhis study. The designed

DNA probe featured three sections. The first, comg six A units on each end of the
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probe, is the poly-A section. This section, whielved as the probing unit, was
positioned at both termini of the DNA probe. In firesence of coralyne, one Anit at
each end of the designed DNA probe would bind wittalyne to form the
double-stranded DNA (dsDNA) structurg-&oralyne—A, leading to a blunt end of the
DNA probe that was recognized and hydrolyzed bynegtease Ill. The second section,
next to the poly-A section, was a complementaryieage that formed the initial

hairpin structure of the DNA probe, thereby posiing the two terminal poly-A
sequences close together to ensure stronger binfltagralyne. The last section, the
poly-C section [consisting of eight C bases and gwanine (G) bases], was present to
function as a template to form Ag NCs with inteflaerescence; it remained in a
crowded loop region prior to exonuclease Ill-mestiatydrolysis, indirectly providing

a DNA probe capable of discriminating samples withvithout coralyne. After binding
coralyne, the DNA probe became susceptible to taeby exonuclease Il from its
blunt 3"-termini, resulting in release of the tdrgeralyne. The resulting conformational
change—from hairpin/loop to ssSDNA—provided DNA tlséabilized the synthesis of
Ag NCs, resulting in different fluorescence emissspectra being obtained in the
presence and absence of coralyne. The changeome$icence intensity corresponded to
the concentration of coralyne. Thus, the systenstfaned as a label-free biosensor for
coralyne. Moreover, the sensitivity of the develkbpssay was increased further by
incorporating exonuclease Ill-promoted amplificataycling loops. Using both

strategies, coralyne could be analyzed and quedtiBadily with high sensitivity.
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Scheme 1 Schematic representation of exonucleladmsled amplification in the
detection of coralyne.
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2. Materials and methods
2.1 Chemicals and reagents

All chemicals were of reagent grade or higher.sddick and working solutions
were prepared using Milli-Q deionized (DI) wateri(lMore, Bedford, MA, USA) with
a measured resistance of 18.2/m. Exonuclease Ill was purchased from US
Biological Life Science (Salem, MA, USASYBR® green | was purchased from
Invitrogen (St. Louis, MO, USA). Coralyne sulfoaatet, silver nitrate (AgN§), sodium
tetrahydridoborate (NaBfi disodium hydrogen phosphate anhydrous, potassium
dihydrogen phosphate, palmatine, and berberine pumehased from Sigma—Aldrich
(St. Louis, MO, USA). Sanguinarine was purchasethfChengdu Biopurify
Phytochemicals (Chengdu, China). The DNA probermthe sequence FAA AAA
CGATCCAAC GCC CCC CGC TTG GAT CEAAA AA-3” was purchased from

MdBio (Taipei, Taiwan).

2.2 Apparatus

Fluorescence spectra were recorded using a Fluordrflaorescence
spectrometer (Horiba, Kyoto, Japan). Field emissimanning electron microscopy
(FE-SEM) was performed using a Jeol JSM-7401Funsént (Mitaka, Tokyo, Japan).
Transmission electron microscopy (TEM) was perfamsing a JEM-2000FXI|
instrument (Mitaka, Tokyo, Japan). Particle sizalgsis was performed using Delsa

Nano C apparatus (Billerica, MA, USA).

2.3 Detection of coralyne

The procedures for synthesizing oligonucleotiddit@ed Ag NCs were modified
from those previously reported [37]. Probe DNA (100, 5 uL) was placed in 1.5-mL
Eppendorf tubes. Coralyne solutions (i) of various concentrations were added and

mixed with the probe DNA. Exonuclease Il (20 U)syalaced in the solutions, which



10

were then mixed, diluted with 1x reaction buffed@OuL, and left at 37 °C for 40 min.
The mixture was heated to denature exonucleasadl] thereby, terminate the
hydrolysis.

The Ag NCs were synthesized in the mixture sotutfoough a procedure slightly
modified from that reported previously [38]. Aftire mixture had cooled to room
temperature, 1 mM AgN{X8 uL) was added and the mixture was left for 30 min; 1
mM NaBH, (8 uL) was then added and the mixture was left for la@0oB80 min to allow
the synthesis of the oligonucleotide-stabilizedM@s. The resulting solution was

placed in a fluorescence spectrometer for quaittitat



10

11

12

13

3. Resultsand discussion
3.1. Characterization of fabricated silver NCs

In the absence of coralyne, the DNA probe stalillibe Ag NCs, especially on the
C-rich loop. Fig. 1(a) displays the SEM image & &g NCs. The particle size
distribution of the Ag NCs [Fig. 1(b)] indicatedatithe average size of the Ag NCs was
1.5+ 0.4 nm. Fig. 1(c) displays the corresponding aticih and emission spectra. In
the presence of the C-rich loop, the synthesizetli&g exhibited a value @f,.x near
588 nm after excitation at a wavelength of 490 mhrese images and spectra confirmed
the fabrication of the Ag NCs. Fig. S1 presentsphsicle sizes of the Ag NCs
stabilized by ssDNA (primary average particle s&e4+ 5.0 nm). The increase in
particle size, compared with that of the partidigbilized by the DNA probe in the
hairpin structure [as displayed in Fig. 1(b)], implthat the Ag NCs stabilized by the

ssDNA residues had aggregated.
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Fig. 1 (a) SEM image, (b) image from particle ssralyzer, and (c) fluorescence
spectra (black curve: excitation spectrum; redegbtiurve: emission spectrum) of

DNA-stabilized Ag NCs.
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3.2. Detection of coralyne

Fig. 2 displays the fluorescence spectra of thé&&g on the DNA probe before
(solid curve) and after (dotted curve) treatmerihvexonuclease 1l in the absence [Fig.
2(a)] and presence [Fig. 2(b)] of coralyne. Wherabbme was absent, no changes in
fluorescence intensity occurred before and afeatinent with exonuclease Ill. We
attribute this behavior to the poly-A section of fhorobe DNA maintaining a hairpin
structure that could not be hydrolyzed by exonwssdd. Ag NCs were, therefore,
synthesized in the C-rich sequence of the loogtira and their strong fluorescence
emission was retained. When coralyne was presg¢heisample, the DNA probe bound
with coralyne and closed the termini of the hairgliructure. Because the dsDNA
structure remained prior to treatment with exonaséelll, the fluorescence spectra in
the solid curve resembled the curves in Fig. Z#gr exonuclease 11l had been added,
the DNA probe was hydrolyzed, leaving the C-ricusnce to transform from a loop to
an open ssDNA form. The fluorescence intensitynefAg NCs synthesized from this
ssDNA C-rich sequence was lower relative to thahefAg NCs prepared from the
DNA probe (hairpin structure), as reflected in tletted curve in Fig. 2(b). The
difference in fluorescence intensity between the tlotted lines in Fig. 2 could,
therefore, be used to estimate the concentratiaorailyne. Data from agarose gel
electrophoresis [Fig. S2 (columns 1 to 4)] supmbder claim that, in the presence of
coralyne, non-Watson—Crick base-pairing betweerptig-A termini of the DNA
probe and coralyne resulted in hydrolysis of theAOMobe when subjected to

exonuclease lll digestion.

11
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3.3. Optimization of biosensor

We used the difference in fluorescence intensitthefoligonucleotide-stabilized
Ag NCs to evaluate the concentration of coralyrecdise the fluorescence intensity
was affected by the conditions of the Ag NC syn#hdhese conditions were optimized
to enhance the performance of the biosensor. Fj.d&picts the fluorescence intensity
measured by the DNA probe ((81) in the presence of coralyne (100 nM) after vasio
reaction times (5—120 min). At the beginning of thaction, the fluorescence intensity
decreased significantly, reflecting the rapid hygsis of the probe DNA bound with
coralyne. The hydrolyzed DNA probe released theéurad coralyne, triggering the
binding/hydrolysis cycle of another molecule of A probe. After 40 min, the
fluorescence intensity became steady and low, aidig that most of the DNA probe
had been hydrolyzed into the ssDNA form. Therefare chose a reaction time of 40
min for our subsequent experiments.

The morphology of oligonucleotide-stabilized Ag N€ affect their optical
properties. Therefore, we separately evaluateeffieets of the concentrations of Ag
and NaBH to determine how they influenced the particle siaed/or distributions of
the synthesized Ag NCs. The initial Agoncentration was evaluated in the presence of
a fixed amount of the DNA probe. Fig. 3(b) presehesfluorescence intensity plotted
with respect to the Agconcentration in the presence of the DNA probgN®. The
fluorescence intensity increased upon increasiagtimcentration of Agup to 80uM.
The increased fluorescence intensity presumablsedbecause more Ag NCs were
synthesized upon increasing the concentration 6f Bgyond 8QuM, the fluorescence
intensity decreased, consistent with an excesgjofeading to larger Ag NCs that did
not possess fluorescence properties. Thereforgganoncentration of 80M was used
in subsequent experiments.

Fig. 3(c) displays the effect of the NaBebncentration. The fluorescence

13



intensity increased as we increased the Na@ihcentration from 20 to §M,

consistent with a higher NaBHoncentration favoring the synthesis of Ag NCs Th
fluorescence intensity decreased, however, upaerasig the concentration of NaBH
beyond 8QuM, presumably because the free’Agntinued to undergo reduction on the
fabricated Ag NCs, thereby enlarging the particdes and diminishing the fluorescence
properties. Thus, a concentration of NaBi 80 uM was employed in the following

experiments.

14
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3.4. Sensitivity and selectivity of the coralyne biosensor

Fig. 4 displays the calibration curve of the conayiosensor, obtained under the
optimized conditions. The relationship betweendtfierence in fluorescence intensity
(measured in the absence and presence of coragdeahe concentration of coralyne
(on a logarithmic scale) was linear within the rafiggm 5 to 1000 nM, with a
correlation of determinatiorRf) of 0.99. The limit of detection (LOD) was 1.83 nM
Nevertheless, the inset to Fig. 4 (with the coneiuin of coralyne on a linear scale)
reveals that the difference in the fluorescencensity increased rapidly for low
concentrations of coralyne, but increased slowtyhigh concentrations. Table S1
summarizes the analytical data for detecting coglgomparing those from previous

studies with those from our present study.

5000
concentration range: 5 - 1000 nM
y =470.50 log(x) + 3182.27
R® = 0.994 l
4500 4 LOD: 1.83 nM
n=3
=
‘B
G 4000 -
E
= .
LI— L4
< z o
3500 £
E i
3000
0 250 500 750 1000
Coralyne concentration (nM)
3000 —+ S e

1 10 100 . H‘lI'0|OO
Coralyne concentration (nM)
Fig. 4 Calibration curve (on a logarithmic scala) the coralyne biosensor comprising
the DNA probe (uM), AgNOs3 (80 uM), and NaBH (80 uM). Inset: Change in
fluorescence intensity for the detection of coralyan a linear scale) from 5 to 1000

nM.
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To determine the selectivity of the coralyne biasenthree other anti-cancer drugs
(palmatine, berberine, sanguinarine), having stmest similar to that of coralyne, were
tested as interfering agents. Fig. 5 presentshhages in fluorescence intensity of the
developed coralyne biosensor in the presence sétb@mpounds. Relative to the
change in fluorescence of the system containingn@oralyne, the biosensor did not
display any remarkable fluorescence responsesiavbe presence of 10-fold higher
concentrations of these interfering agents. Moreaenixed sample solution
containing 100 nM coralyne anduM of each of the three interfering agents provided
response very similar to that of the solution coritg only 100 nM coralyne,
confirming the suitable selectivity of the coralylniesensor. Because Fgcan undergo
non-Watson—Crick base-pairing with thymine (T) [14}¢* was employed here to
further evaluate the selectivity of the DNA probkem using in this method. Fig. S2
(columns 5 and 6) presents the results obtained &garose gel electrophoresis in the
presence and absence ofHipns. The band in column 5, reflecting the DNAlan
the presence of H§ looks identical to the band of the DNA probe @lumn 1. The
band in column 6 (DNA probe with Hgjin the presence of exonuclease Ill) has
brightness similar to that in column 5, indicatthgt no digestion had occurred and that
no interactions existed between®gnd the free A bases in the DNA probe sequence.
These findings provide further support for the heghectivity of our bioassay. We
investigated the recoveries of this biosensor afing coralyne at 5 and 50 nM in
untreated human urine. The recoveries were 88.0118h.31%, respectively, with
relative standard deviations (RSDs) of less th&@%. Thus, the performance of our

coralyne biosensor appears to be adequate fonsoahalysis.

17
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Fig. 5 Changes in fluorescence intensity of thalgme biosensor in the presence of
coralyne (100 nM), three other interfering agedtgNl each), and a mixture of the four

compounds.

4. Conclusions

We have constructed a biosensor for coralyne.drptlesence of coralyne, the
poly-A sequences at both ends of the probe hylaitia a specific manner with
coralyne. Even though the coralyne molecule idbfgger than the ions (e.g., Ay
reported to fornrmon-Watson—Crick base pairing, and it would, theneflead to a
larger distance between the two paired DNA sequgerthe resulting A-coralyne—A
complex was still identified as a dsDNA by exonaske I1l. After hydrolysis of the
dsDNA mediated by exonuclease I, the liberatedlyme initiated the next step of

cycling, resulting in the conformational changesendrhairpin to sSSDNA

18
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structures—of many probe species. Ag NCs displagiifigrent fluorescence properties
were synthesized in the presence and absencealywwer The difference in
fluorescence intensity at 588 nm varied linearlthwespect to concentration of
coralyne (on a logarithmic scale) from 5 to 1000. iMe estimated detection limit was
1.83 nM. This exonuclease lll-based amplificatittategy would appear to be
applicable to other biosensor applications—on thaliion that exonuclease Ill can

recognize the non-Watson—Crick base pairing aDéNds
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Highlights

1. A label-free biosensor has been devel oped to detect coralyne.

2. Silver nanoclusters (Ag NCs) were synthesized with the help of the DNA probe.

3. Fluorescence sensitivity was enhanced using exonuclease |11 amplification.

4. The LOD was 1.83 nM of the biosensor appears suitable for the analysis of coralyne.



