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Abstract

Herein, high quality DNA-CulngSQDs are facilely synthesized through a one-potdtyeérmal
method with fluorescence quantum vyield as high 8%, and the strongly fluorescent
DNA-CulnS; QDs have been utilized as a novel fluorescenteniesr for label-free and
ultrasensitive detection ahthrax lethal factor DNA. L-Cysteine (L-Cys) and a specific-sequence
DNA are used as co-ligands to stabilize the Cul@Bs. The specific-sequence DNA consists of
two domains: phosphorothiolates domain (sulfur-aorihg variants of the usual phosphodiester
backbone) controls the nanocrystal passivationsandes as a ligand, and the functional domain
(non-phosphorothioates) controls the biorecognitibhe as-prepared DNA-CulpS)Ds have
high stability, good water-solubility and low tokic Under the optimized conditions, a linear
correlation was established between the fluorescdantensity ratio 1§ (Ip is the original
fluorescence intensity of DNA-Cula®)Ds, and | is the fluorescence intensity of DNAKCS)
QDs/GO with the addition of various concentratiayfsanthrax lethal factor DNA) and the
concentration oéinthrax lethal factor DNA in the range of 0.029-0.733 nmolslwith a detection
limit of 0.013 nmols*. The proposed method has been successfully applitte determination
of anthrax lethal factor DNA sequence in human serum samples with satsfacesults. Because
of low toxicity and fine biocompatibility, DNA-Cul® QDs also hold potential applications in

bioimaging.

Keywords. Fluorescence biosensor; DNA-QD&nthrax lethal factor DNA; Graphene oxide;

One-pot synthesis



1. Introduction

Fluorescence strategies are commonly used as ottee ahost potent tools for bio-sensing,
biological imaging and drug delivery because ofirtlsmplicity, speediness, high sensitivity,
efficiency as well as high-throughput screening]1Puring the past decades, as a novel class of
fluorescent nanomaterials, semiconductor quanturn (Q®)-based fluorescent sensors and
sensing systems have invited tremendous attenticingoto their extraordinary optoelectronic
properties including high quantum vyields, long flescence lifetimes, large extinction coefficients,
pronounced photostability, broad absorption specwapled with narrow photoluminescent
emission spectra as well as their small size [7-A2hong the QD-based sensors and sensing
systems, functionalized QD-based chemical and kimital sensors and sensing systems are
expected to open new opportunities in a new geioerabf detection, microelectronics,
biomedicine and so on [13-15].

Functionalized QDs, which are modified and dopethwiomolecules, have widely extended
the applications of QDs in the areas of fluoresednio-sensing, immunoassays and bio-imaging.
DNA-labeled QDs are among the most studied funatinad QDs and have shown attractive
properties for their biological use due to theighiphotostability, remarkable fluorescence
properties, specific targeting, good water soltpilexcellent cell membrane permeability and
biocompatibility [16,17]. A common approach to abtBNA-labeled QDs is via the selective and
strong streptavidin-biotin coupling interaction ween streptavidin QDs and biotin-appended
DNA [18]. Although the method is convenient, th@ss-linking and large size of streptavidin
coated QDs are unfavorable for biological applaadi [19,20], because the optimal QDs for

biological use have continuous light emission amtilet a size of&K15 nm as well as low



cytotoxicity [21]. Additionally, it is difficult tocontrol the binding site of a given biotin unitdan

the orientation of the biotin-DNA on the QDs, besaustreptavidin has four binding sites. Also,

streptavidin QDs are expensive. DNA covalent coajed with QDs through reaction between the

amino/carboxy groups modified DNA and carboxy/amgroups of QDs can overcome these

drawbacks [22]. However, the multistep processinget and labour-intensive, and the acidic

coupling conditions might cause the breakdown ef@Ds. Thus, it is also out of reach of many

researchers who want to use luminescent QDs asmnoiz&ld lumiphores.

Since Ma and co-workers first reported a one-sts\[programmed synthesis of nanocrystals

[23], several papers concerning DNA ligands for #wpieous synthesis of QDs have been

published [24]. However, so far, the majority oé tpD-based DNA-templated synthesis reports

mainly focus on the QDs that containing heavy nsetalch as cadmium, lead, mercury and silver

[25], which ultimately result in cytotoxicity ancheironmental problem owing to the leakage of

heavy metal elements [26,27]. Especially, these @Bsensitive to ambient conditions (e.g. heat,

chemical, and photochemical disturbances), whiclkesahem difficult to functionalize with

DNA and lead to low output, low quantum yield areverely hampers their application. In the

recent years, as newly emerging promising QDs,etgronmentally friendly I-111-VI Culn$

QDs have attracted increasing research interedimiaensing and bio-imaging both in vitro and

in vivo. This is not only due to their low toxicithat does not contain any toxic class A elements

(Cd, Pb, and Hg) or class B elements (Se and Aspaced with traditional semiconductor QDs,

but also due to their NIR fluorescence signal (galhewavelengths>650 nm), which can avoid

interferences from biological media, mainly tisswgo-fluorescence and scattering light [28].

Graphene oxide (GO) has attracted raised conderoguse of its extraordinary mechanical,



thermal, chemical and optical properties as wellpasential applications [29-31]. Rich of
oxygen-containing groups on its surface, includiagboxyl, hydroxyl and epoxy groups, GO is
capable of good water-solubility, unigue DNA adsogbability and wide-range energy transfer
properties, which make it a wide prospect for gadal application [32]. GO hassystems and
the sp aromatic domains within GO can induce efficientofiescence quenching via forster
resonance energy transfer or non-radiative dipigeld coupling, which is critical for the
sensitivity of assays [33-35]. Of our particulateirest is the unigue DNA/GO interactions in
combination with the quenching properties of GOjovhforms the basis of a convenient and
versatile strategy for multicolor fluorescent DNAatysis. Some important works have been
reported to achieve detection of different DNA &gy For example, Let al. reported that GO
could bind and quench a dye-labeled single-stramié¢d (sSDNA) probe; the fluorescence was
recovered when the probe formed a duplex withaitget, which released the probe from GO [36].
Using a similar strategy based on GO and dye-labplebes, Hest al. reported a GO-based
multicolor fluorescent DNA nanoprobe with differesyes as fluorophores that allows rapid and
sensitive detection of multiplex DNA targets [3These prior researches focused on detection of
targets or species with dye-labeled probes. Howarganic dyes as fluorophores in the probes
have non-negligible disadvantages such as pooroptadiility, easy photobleaching, and small
Stokes shifts. To overcome these proble@ian et al. developed several fluorescence assays for
multiple DNA targets and different biological spegiusing graphene quantum dots instead of
dyes [38-40]. Nevertheless, tediously labeling adifying processes still do not qualify them as
excellent fluorophores of probes for biomoleculbjch prompts scientists to investigate and

exploit alternative fluorescent materials with gdmocompatibility.



With regard to this, in this work, toxic heavy nidtae strongly fluorescent DNA-Culn®)Ds
are synthesized by a one-step hydrothermal systhasthod for the first time, and a FRET
biosensor for specific oligonucleotide sequencesisiblished using the as-prepared Cul@bs
as the energy donor and GO as the acceptor.amtieax lethal factor DNA, coming from a
Gram-positive spore-forming bacillus anthracis, lb@en chosen as a model target sequence
[41-44]. 1t is considered to be one of the mosepband dangerous bioterrorist and biowarfare
agents, as shown by the anthrax letter attackiserfall of 2001 [45]. And it plays a key role in
anthrax pathogenesis and is chiefly responsiblamtinrax-related toxemia and host death, partly
via inactivation of mitogen-activated protein kiralsinase (MAPKK) enzymes and consequent
disruption of key cellular signaling pathways [48p the best of our knowledge, the novel
one-step synthesized DNA-CulnQDs-based biosensor for label-free and ultraseadietection
of anthrax lethal factor DNA hasn't been described before.
2. Experimental section
2.1 Materials and apparatus

All chemicals and reagents were of at least arlytieagent grade and used as-received
without any further purification. The water usedaihexperiments had a resistivity higher than 18
MQscni’. Copper (Il) chloride dehydrate (Cy€H,0), indium (ll) chloride tetrahydrate
(InCl3*4H,0) and sulfourea (CS (N#) were purchased from Sigma-Aldrich CorporatiorCys,
sodium chloride (NaCl), sodium hydroxide (NaOH),dison dehydrogenized phosphate
(NaH,PQy), disodium hydrogen phosphate ¢N&CO,), sodium phosphate (BRO,), rhodamine B
and the other chemicals used were all purchasedh fReijing Dingguo Changsheng

Biotechnology Co. Ltd. All the oligonucleotide semees used in the study were custom-made by



Shanghai Sangon Biotechnology Co. Ltd. The oligtenie sequences were listed in Table S1.

The hydro-thermal synthesis experiments were actshga in a JCZ-JL intelligent digital

display drum wind drying oven. All the fluorescenogeasurements were performed on a

Shimadzu RF-5301 PC spectrofluorophotometer (Shamndtb., Kyoto, Japan) equipped with a

xenon lamp using right-angle geometry. A 1 cm petfyth quartz cuvette was used in all

experiments. UV-vis absorption spectra were obthinging a Varian GBC Cintra 10e UV-vis

spectrometer. Transmission electron microscopy (Y Ekperiments were performed on a Philips

Tecnai F20 TEM operating at 200 kV. FT-IR spectexewrecorded with a Bruker IFS66V FT-IR

spectrometer equipped with a DGTS detector (3253cdime ultrasonic processes was proceeded

on a KQ2200 ultrasonic cleaner (Ultrasonic instratf@o., Kunshan, China). The centrifugation

processes were performed on a TGL-16G (Anke Teoggolnstrument Co., Shanghai, China).

The shaking processes were performed on a HY-ZAblarspeed reciprocal shaker (Guo Hua

Electric Appliance Co., Changzhou, China). All pl¢asurements were completeed on a PHS-3C

pH meter (Tuopu Co., Hangzhou, China). Fluorescedeeays was conducted using a

Fluorescence Lifetime and Steady State Spectro9¢a 8920, Edinburgh Instrument).

2.2 One-pot synthesis of DNA-CuInS, QDs

The DNA-Culn$ QDs solution was synthesized by a one-step roideavhydrothermal

synthesis method described in previous report#4f23The modified DNA and L-Cys are both

the stabilizing reagents. In a typical synthetiateg L-cys (3.60 mmol) was dissolved in 7.5 mL

distilled water. Sequentially, DNA solution (0.0@ihol) was added into the above solution. Next,

CuChLe2H,0 (0.15 mmol) and InG4H,O (0.15 mmol) were injected into the solution ahd t

solution turned light green. The pH value of thetone solution was then adjusted to 11.3 by



adding 4 molel* NaOH solution with stirring. During this procesbe solution changed from
light green to clear brown. After stirring for 10rMm CS(NH2)2 (0.30 mmol) was added to the
mixture. The Cu-to-In-to-S and Cu-to-L-cys ratiosres1:1:2 and 1:24, respectively. All the above
mentioned experimental procedures were performadah temperature, and then the solution
was transferred into a Teflon-lined stainless sw@maoclave with a volume of 15 mL. The
autoclave was maintained at I60for 23 h and then cooled down to room temperahyre
natural cooling process. The obtained yellow-braA-CulnS, QDs solution was centrifuged
at a speed of 10000 rpm at room temperature fani®0to remove the black deposit. The upper
yellow-brown solution was dialyzed in the membréumging with a molecular weight cut-off of 3
kDa against ultrapure water to remove small moks@nd ions. The as-prepared DNA-CyInS
QDs solution could be precipitated by ethanol, tr&precipitate was isolated by centrifugation,
washed with ethanol several times, then the powder dried at 50C for 24 h. The obtained
powder was used for characterization.
2.3 Quantum yields (QYs) measurements of DNA-CulnS, QDs

QYs of the DNA-CulngQDs were measured by using rhodamine B in watdreaseference
standard (QY=0.31) [48], and then the QYs wereutated according to the following equation:

@=L NI ndATA) @)

Whereg is the quantum yield, is the measured integrated emission intengitg, the refractive
index of the solvent, and A is the optical dengiiye subscript "st" refers to standard with known
guantum yield and "x" for the sample. In order timimize re-absorption effects, absorption in the
1 cm fluorescence cuvette was kept below 0.10.

2.4 Preparation of GO



GO used in this study was synthesized accordingnddified Hummer’s method [49]. In a
typical experiment, 2 g graphite powder was disgerén 44 mL concentrated ,HO,, and
incubated for 15 min in the ice-water bath. 6 g KMjmwas then added gradually into the solution
under stirring with the temperature below Z0. This mixed solution was stirred at I6 for 20
min and reacted at 3% for 1 h. Subsequently, 160 mL deionized water drapwise added to
dilute the mixture. The resulting mixture was kap60 ‘C for 15 min, 200 mL water and 20 mL
30% HO, were then added to end the reaction. The prodastwashed with deionized water to
remove the acid, and was further purified by diglyer 2 week to remove the remaining metal
species. Exfoliation was taken out by sonicating G@@ler ambient conditions. The obtained
dispersion was centrifuged at 5000 rpm to remoyeusrexfoliated GO. The concentration of GO
stock solution is 1.88 mgeniL
2.5 Fluorescence measurement of anthrax lethal factor DNA

The anthrax lethal factor DNA detection process was carried out as follo@60 ulL
DNA-CulnS; QDs, different concentrations of target DNA Bhtfrax lethal factor DNA) and 10
uL GO were respectively added into a 2.0 mL caldulatentrifuge tube. Then the solution was
diluted to 2.0 mL with NakPO,-NaHPO, buffer solution (0.01 molst, pH 7.4). At an excitation
wavelength of 590 nm, the fluorescence emissiorctepenf dsDNA-QDs/GO system were
recorded in the 610-800 nm emission wavelengthaamgl used for quantitative analysis.

2.6 Detection of anthrax lethal factor DNA in human serum samples

In real sample assay, three fresh human blood ssnptre collected from healthy volunteer

through venipuncture at the Hospital of Changchbim& Japan Union Hospital. All experiments

were performed in compliance with the relevant land institutional guidelines, and the writing



of informed consent for all samples was obtainedhfhuman subjects. Some necessary processes

were conducted to remove impurities to get the murearum samples before carrying out

fluorescence experiments. Firstly, the blood samplere segregated by adding acetonitrile (the

volume of acetonitrile and blood was 1.5: 1) andtigiiged at 10,000 rpm for 10 min after stored

for one night at room temperature. Then, all sugim serum samples were subjected to a

100-fold dilution with NaHPO,-NaHPO, buffer solution before analysis, and a certain

concentration oanthrax lethal factor DNA was added to prepare the spiked samples. Datec

processes were carried out according to the abmamiomed optimized conditions f@nthrax

lethal factor DNA detection.

3. Results and discussion

3.1 The strategy for the detection of anthrax lethal factor DNA

The design strategy of the present work is illisttan Scheme 1. Scheme 1 (A) shows the

preparation of DNA-CulnSQDs by a one-step hydrothermal synthesis methe@yd and a

specific-sequence DNA compounds were used as andigto stabilize the QDs. The DNA ligand

consisted of two domains: phosphorothiolates (swifntaining variants of the usual

phosphodiester backbone, which preferentially binthe QDs surface over phosphates) controls

the nanocrystal passivation, and the functionat freon-phosphorothioates), which is available

for specifically bind to DNA, proteins or cells thaave unique surface recognition markers [50].

Structures of the phosphorothioates and functidoatain had been given in Scheme 1 (B). The

surface reactivity of DNA sequences is crucial tbe growth and the quality of QDs, as

previously reported. Carbonyl groups and amine gsoare responsible for surface passivation,

secondary conformation and/or steric effects ofdapping sequence strands play a significant

10



role in stabilizing the nanocrystalS1,53. In the synthesis process, the DNA-CW@Ds were

gradually formed. The S atoms in the phosphorote®aomain of the designed DNA were

inserted into DNA-CulngQDs, while the functional domain (non-phosphorales) extended

away from the surfaces of DNA-Culnp®)Ds and was available for recognizing the target

molecule or protein.

Then, the as-prepared DNA-Culn@Ds were used in the analytical detectiommhrax lethal

factor DNA, as shown in Scheme 1 (A). The bio-sensingfqlia was established based on the

different adsorption properties of GO towards ssDiNAomparison with that of double-stranded

DNA (dsDNA). According to the literature, GO cant as a “nanoscaffold” for sSDNA, because

the nucleobases of the ssDNA are uncoiled partaily can be exposed to GO [53]. However, the

formation of double-stranded DNA (dsDNA) reduces #xposure of the nucleobases, which

weakens ther-n stacking interaction [54]. In this paper, the DITAINS QDs spontaneously

absorbed onto the surface of GO by meang-nfstacking interaction and hydrogen bonding

interaction between hydroxyl/amine groups of ssDél hydroxyl/carboxyl groups of GO [55].

Such interactions brought the fluorescence DNA-GuIQDs in close proximity to the GO

surface, and led to the fluorescence of ssDNA-Q@enghed owing to férster resonance energy

transfer from DNA-Culng QDs to GO. In the presence afthrax lethal factor DNA, the

DNA-CulnS, QDs would preferentially bind with thanthrax lethal factor DNA, forcing

DNA-CulnS, QDs to undergo a conformational change and formseadf-hybridized

dsDNA-CulnS QDs complex. In the dsDNA complex, the nucleobagerse hidden inside the

helical structure, and then the non-covalent stacking and hydrogen-bonding interactions

between DNA-CulngQDs and GO were impaired [56]. By this way, theASuUINS, QDs were

11



released from the GO sheet and the fluorescenceastmed. Thus, the determinationaathrax

lethal factor DNA could be achieved by taking advantage of tifferént adsorption properties of

GO towards ssDNA in comparison with that of dsDNA.

Fig.1 (A) and (B) showed the Transmission Elecfxioroscopy (TEM) images of the CulpS

QDs and as-prepared DNA-Culn@Ds, respectively. Inset is the amplification cfiagle particle.

From the TEM images, it can be seen that the DNASUQDs were spherical particles and well

dispersible in aqueous solution, which is bettantthat of CulngQDs. Fig.1 (C) and Fig.1 (D)

were the granulometric distribution of Culn®Ds and DNA-Culng QDs, respectively. From

Fig.1 (C), it can be seen that Cuin3Ds dispersed from 1 nm to 5 nm with an averagendier

of 3.23 nm. From Fig.1 (D), it can be seen that DOWNS QDs are nearly monodispersed with

the diameter from 2 nm to 4 nm, and revealed amageeparticle size of 3.37 nm. Fig.1 (E)

depicted the UV-Vis absorption spectra and norredlifluorescence emission spectra of the

CulnS QDs (dash line) and DNA-Cula®)Ds (solid line). It can be observed that DNA-CHIn

QDs and CulngQDs shows similar UV-Vis absorption and fluoresmeamission spectra, but the

fluorescence intensity of DNA-CulaSQDs is obviously enhanced in comparison with thiat

CulnS QDs, which might be attribute to the surface rigdgtof the capping sequences that

mainly influences the quality of nanocrystals [2],3Vioreover, the fluorescence spectrum of the

DNA-CuInS, QDs is blue-shifted by 3 nm (from 655 nm to 652) mompared with CulnSQDs

(L-Cys as the ligand alone) under the same syrglgesiditions. This phenomenon indicates that

the DNA ligand may interact electronically with tleeystal surface and alter its electronic

properties [23]. Fig.1 (F) is the photographs oirf&4 QDs (left) and DNA-CulngQDs (right)

under UV light, respectively. It can be seen that luminescence signal of DNA-Culn®Ds is

12



brighter than that of CulnQDs. Using rhodamine B as a reference, the fleemese quantum
yield of the prepared DNA-Culp®)Ds is measured to be 23.4% (Fig. S1), which ismiugher
than that of CulnSQDs (3.5%). This result is because of the fornmatid the L-cys and DNA
co-ligands, which can offset the surface defeciCainS QDs. The time-decay curves were
conducted to further confirm their difference froheir lifetime (Fig. S2). The decay curves can
be fitted to a biexponential model, and the avertigerescence lifetime of CulnSQDs and
DNA-CulnS, QDs were 127.0 and 155.5 ns, respectively. Therdkmence lifetime of
DNA-CulnS, QDs was longer than that of Culn®Ds, indicating that the as-prepared
DNA-CulnS; QDs had superior fluorescent properties [23].

The FT-IR spectra of the Culp®Ds with L-Cys as stabilizers and DNA-CunQDs with
L-Cys and DNA as co-stabilizers were compared tofioo the coordination of the DNA
sequences on the surface of the DNA-CuI@®s. As shown in Fig. 2 (green curve), the majorit
of L-Cys functional groups could be clearly fouridaugh the broad O-H stretching vibration
(3410 cnit), the characteristic peaks of -COOH (1470 csymmetric stretching vibration) and
the characteristic peaks of -MK1640 crit). We could ascertain that the original CWin3Ds
were capped by L-Cys. From the red curve in Figth®, majority of the DNA sequences
functional groups can be clearly found throughstretching vibrations of C=0 (1580 &in the
out of phase symmetrical stretches (1060 cand the P-O stretches of the main chain (938)cm
while these characteristic peaks were not obseirvale FT-IR spectra of Cula)Ds (Fig. 2
green curve). These results further demonstratgdiie DNA-Culng QDs had been successfully
prepared.

To further explore the potential applications of MulnS, QDs in bio-sensing, one of the

13



primary requirements is water-solubility and stiépilinder various pH and ionic environments.
The DNA-Culng QDs with abundant hydroxyl, amino and carboxylup® inherently has good
solubility in water. Their stability in various emenments was further investigated, as shown in
Fig. 3. Fig. 3 (A) was the photostability resulhel DNA-Culng QDs solution was irradiated
continuously over a period of 60 min and displagdugh photostability. Fig. 3 (B) suggested that
the fluorescence intensity of the as-prepared DNMR&, QDs solution remained almost the same
in different pH environments. This is very diffetdrom many other water-soluble fluorescence
dyes and QDs, which usually exhibit obvious deadasfluorescence emission with decreased
pH values and poor fluorescence and photostalliggcidic medium. Furthermore, the effect of
salt concentration on the fluorescence of DNA-CulqDs after incubation of 60 min was
investigated. As shown in Fig. 3 (C), it can benduhat the DNA-CulnSQDs were also highly
stable in a wide salt concentration of 0-100 mmodlsThe high stability of DNA-CulnSQDs is a
significant merit in bio-sensing applications.

Fig. 4 showed the fluorescence emission spectraDNA-CulnS, QDs (curve a), the
ssDNA-Culn$ QDs/GO complexes (curve b) and the dsDNA-Cui®s/GO complexes (curve
c). It can be seen that DNA-Culhn®)Ds exhibited strong fluorescence emission with th
maximum emission peak of 655 nm in the absencefkowever, in the presence of GO (18.0
ngemL™?), the fluorescence intensity of DNA-CulnQDs decreased rapidly to7.6% of the original
intensity, revealing the significantly high bindirdfinity of DNA-CulnS, QDs to GO and the
strong quenching effect of GO on the fluorescerfcBNA-CulnS, QDs. Upon being incubated
with complementary target DNA Thrfthrax lethal factor DNA) for 1 h prior to the addition of

GO, the dsDNA-Culng QDs/GO mixture exhibited a higher fluorescencession intensity,

14



which was about 68.2% of the original intensity@NA-CulnS, QDs (curve c). Such results

illustrated the low binding affinity of dsSDNA-Culpa®Ds towards GO.

3.2 Optimization for anthrax lethal factor DNA detection

Before quantity analysis @ihthrax lethal factor DNA using the as-prepared DNA-CulnQDs,

we optimized the detection conditions includingctem time, pH, salt concentration and the

concentration of GO. The kinetic behaviors of ssDEANS QDs and dsDNA-CulnSQDs in

the presence of GO were firstly studied by moniipfluorescence intensity as a function of time.

Fig. 5 (A) showed that the fluorescence of freeN&BCuUInS, QDs rapidly decreased and kept

unchangeable in 20 min incubation time in the preseof GO, indicating that ssSDNA-CulynS

QDswere adsorbed on the surface of GO completely wi#@ min. Thus, 20 min was chose for

the fluorescemce quenching experiments. Fig.5 (B} whe effect of incubation time on the

fluorescence intensity of dsDNA-QDs with the additiof GO. From Fig. 5 (B), it can be

observed that the fluorescence gradually increaseldreached a plateau in 1 h incubation time.

Therefore, 1 h incubating time was chose for taag#trax lethal factor DNA and DNA-Culn$

QDs.

The effect of pH on the sensing system was thedieduover the range 5.4-11.4. It could be

observed from Fig. 5 (C) that the relative fluoesse intensity 14 (Io and | were the fluorescence

intensity of sSSDNA-CulnSQDs/GO in the absence and presencantfirax lethal factor DNA,

respectively) was much bigger in neutral or acidiedium than that in alkaline medium, and

reached the highest value at pH 7.4. As previossiylies, ssSDNA containing aromatic and

hydrophobic rings could bind to GO via hydrophobiteractions andi-n stacking. Raising the

pH may facilitate the deprotonation of the carbayydups on GO surface, which would increase

15



the electrostatic repulsion between the negatislelyged GO and the polyanionic ssDNA{6Q.
Moreover, the increasing pH could weaken the edeeticceptor ability of the carboxyl groups of
GO, which would further suppress ter stacking between DNA and GO. Next, the effectadff s
concentration on the sensing system was studiedn [Fig. 5 (D), it can be seen that the relative
fluorescence intensity KI(lo and | were the fluorescence intensity of SSDNAASIIQDS/GO in
the absence and presenceaothrax lethal factor DNA, respectively) was the highest at 100
umolsL™ NaCl. Therefore, we chose 10MolsL™* NaCl in this work.

Fig. 6 was the fluorescence spectra of DNA-Culi@s in the presence of different
concentration of GO over the range of 0-18@§mL". As shown in Fig. 6, the original
DNA-CulnS, QDs solution [20QuL in NaH,PO,-Na,HPO, buffer solution (0.01 molst, pH 7.4)]
showed rather strong fluorescence, the fluorescémeasity of DNA-Culng QDs decreased
gradually with the increasing of the concentrat®iGO in the range of 0-18,@g*mL™. The inset
in Fig. 6 showed the relationship between the #soence intensity ratio ¢/(lo and | were the
fluorescence intensity of DNA-Cula®)Ds in the absence and presence of GO, respggtaed
the concentration of GO. It can be found that 18&€mL" GO presented a quenching effect of
92.4%. Based on previous reports, it is adequafgdeide a low fluorescence background and
high signal-to-background ratio, which can greatijpance the sensitivity of the sensors [61-63].

3.3 Fluorescence detection of target DNA T1 (anthrax |ethal factor DNA)

Fig. 7 (A) showed the fluorescence emission speftiaNA-CulnS QDs after incubation with
different concentrations of target DNA T1 in theegence of GO under the optimum conditions.
As shown in Fig. 7, the fluorescence intensityhd dsDNA-Culng QDs/GO system gradually

increased with the increasing concentration ofedbENA T1. Fig. 7 (B) demonstrates that there

16



was good linearity between the relative fluoreseeinéensity I/y (lo is the original fluorescence
intensity of DNA-Culn$ QDs, and | is the fluorescence intensity of DNAkGS QDs/GO with
the addition of various concentrations of DNA Thylaghe concentration of target DNA T1 in the

range of 0.029-0.733 nmol“L The regression equation could be described ks
/1,=0.138+0.775 [T1], nmolst 2

The corresponding regression coefficienf)(R 0.988, and the detection limit (LOD) for T1sva
0.013 nmolsL*. The detection limit is defined by the equationD€3s/s, wheres is the standard
deviation of the corrected blank signals of the d8BCulnS, QDs/GO and s is the slope of the
calibration curve. A comparison between the progasethod and other reported methods for
anthrax lethal factor determination in linear range and LOD was summedirudable S2.
Compared with other methods, our method showedrgarable quantification range and LOD.

3.4 Sequence selectivity and interference study

Selectivity is a very important parameter to eveduthe performance of a new sensor,
especially for a biosensor with potential applicas in biological samples, a highly selective
response to the target over other potentially caimpespecies is necessary. Therefore, we firstly
investigated the sequence selectivity of the desighuorescent biosensor. Fig. 8 (A) showed the
corresponding fluorescence intensity ratiogfIHistograms in the presence of DNA target T1 (red
bar), single-base-mismatched target DNA T2 (greamn bnd two-base-mismatched target DNA
T3 (blue bar). It can be observed that the flua@ase intensity ratio (I§) obtained upon the
addition of 0.733 nmolst: T2 and T3 is about 54.8% and 26.4% of the fluaese intensity ratio
(I/15) obtained upon the addition of the same amouftlgfrespectively. Such decrease indicated

that the mismatched targets had lower hybridizadioility toward DNA-Culn$ QDs compared to
17



the complementary target. Thus we can concludetligatiesigned sensing method has a higher
selectivity and owns great promise for applicatioanthrax lethal factor DNA detection.

Then, we studies the interference effect of varigogexisting substances including some
common inorganic ions and important biologically lecules to our fluorescent biosensor. The
results were showed in Fig. 8 (B). A relative emdrt5.0% was considered to be tolerable. The
tolerable concentration ratios of coexisting sutsts to 0.733 nmolst anthrax lethal factor
DNA was over 100 fold for K Na', C&*, Mg?*, Zr?*, acetate, C| SQ*, CO, citrate, glucose,
BSA and HSA. From Fig. 8 (B), it can be seen thatpresent biosensor was insensitive to other
potentially coexisting substances, that is, thexishieg substances had no significant influence on

our developed biosensor.
3.5 Detection of target DNA in serum samples

In order to evaluate the feasibility of the prombseethod in real sample detection, the
developed detection system was applied for therm@iation ofanthrax lethal factor in human
serum samples. The human serum was diluted 108 tivite deionized water and then adjusted to
pH 7.4. Different concentrations ahthrax lethal factor DNA were added to the diluted serum
samples to prepare the spiked samples. Then, tieetations ofinthrax lethal factor DNA in
samples were determined by the standard additidghadeand the results were listed in Table 1.
The accuracy of the proposed method was evalugteétermining the recovery ahthrax lethal
factor DNA in real samples. It can be observed that tteeagye recoveries ahthrax lethal factor
DNA in the real samples were in the range of 96%GHd the RSD was lower than 3.5%. The
above results demonstrated the potential applitalof the present method in real sample

detection.
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4. Conclusions

In conclusion, high quality DNA-CulnS QDs with strongly fluorescence, good
water-solubility, excellent stability and low tokig have been prepared by a one-step
hydrothermal method. The DNA-Culp®Ds possess FL quantum yields as high as 23.4%.
Moreover, the one-pot synthesized fluorescent DNARS, QDs are explored to utilize as
a biosensor for label-free detection of targethrax lethal factor DNA. The DNA-CulnS
QDs fluorescent sensor are significant for the ofwlhg features: (1) The synthetic
protocol reported here is very simple and facileeyt can be directly synthesized by a
one-pot method; (2) Compared with traditional Cadtaining semiconductor nanopatrticles,
the newly prepared DNA-CulpSQDs are low toxicity; (3) The sensing system is
straightforward and economic, only uses DNA-Cuylt@s and ssDNA/dsDNA binding
discrimination towards GO; (4) The fluorescent imsor employs "turn off-on" switching
mode, which possesses the advantages of low baakgrinterference and superior
sensitivity and high selectivity. (5) The proposadthod had been successfully applied to
the determination ofinthrax lethal factor DNA sequence in human serum samples with
satisfactory results. It is expected that the DNAGE, QDs-based sensing system can
supply a universal sensing platform for the detecif other target molecules by simply

changing the types of ssDNA sequences for diffetangtets.
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Captions:

Scheme 1 (A) The schematic illustration of the preparatidnDINA-CulnS, QDs by a one-step
synthesis method, and its use &mthrax lethal factor DNA detection, (B) chemical structure of
the phosphorothioates and functional domain.

Fig. 1 (A) The TEM images of the Cula®)Ds (inset: the amplification of a single part)clé)
The TEM images of the DNA-Cula$)Ds (inset: the amplification of a single partjcleC) The
granulometric distribution of CulpSQDs; (D) The granulometric distribution of DNA-CG8,
QDs, respectively; (E) The UV-Vis absorption spacénd normlized fluorescence emission

spectra of DNA-CulngQDs (solid line) and CulnpSQDs (dash line); (F) The photographs of
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CulnS QDs (left) and DNA-CulngQDs (right) under UV light under the same conditio

Fig. 2 The FT-IR spectra of the L-Cys-capped Cuyld@®s (green curve) and DNA-Culp®Ds
(red curve).

Fig. 3 (A) The photostability experiment of the DNA-Culn@Ds in aqueous solution with a 590
nm excitation source; (B) The effect of pH on thefescence intensity of DNA-Culp®Ds
after incubation of 60 min.; (C) The effect of satincentration on the fluorescence intensity of
DNA-CulnS; QDs after incubation of 60 min.

Fig. 4 Fluorescence spectra of DNA-Cun@Ds (curve a), the ssDNA-Culp®Ds/GO mixture
(curve b) and the dsDNA-QDs/GO mixture (curve ayn@itions: 200uL DNA-CulnS, QDs, 10
mmol-L* NaH,PO;-NaHPO, buffer solution containing 10@mol-L* NaCl, pH 7.4, 0.733
nmol-L* DNA T1, 1 h for hybridization, 18.4g-mL* GO, 30 min for fluorescence quenching.
Fig. 5 (A) Effect of incubation time on the fluorescenctensity of sSSDNA-CulngQDs with the
addition of GO. § and | were the fluorescence intensity of ssDNA-Qbghe absence and
presence of GO, respectively. (B) Effect of incudrattime on the fluorescence intensity of
dsDNA-QDs with the addition of GO. (C) The relaship between the relative fluorescence
intensity I/ and pH. (D) The relationship between the relativerescence intensity fland salt
concentration.gland | were the fluorescence intensity of sSSDNAASIIQDs/GO in the absence
and presence anthrax lethal factor DNA, respectively. Conditions: 206L DNA-CuInS, QDs,
10 mmol- * NaH,PO,-Na,HPO, buffer solution, 0.733 nmol-LDNA T1, 1 h for hybridization,
18.0 ug-mL* GO, 30 min for fluorescence quenching. All the R&ilues were less than 5.0%
(Mean of three replicates).

Fig. 6 The effects of GO concentration on the fluoreseesmectra of DNA-CulnSQDs system.
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Inset: The relationship betweenylénd the concentration of GO (from 0 to 18gdmL?). I and |
were the fluorescence intensity of DNA-Cuin®Ds in the absence and presence of GO,
respectively. (Top to bottom) The concentrationsc@ is 0, 0.63, 1.25, 2.51, 3.76, 5.01, 6.27,
7.52,8.77, 10.00, 11.28, 12.53, 13.78, 15.03,8L6r 18.Qug- mL", respectively. Conditions: 10
mmol-L* NaH,PO,-Na,HPO, buffer solution containing 10@mol-L* NaCl, pH 7.4, 20QuL
DNA-CulnS;, QDs, 30 min for fluorescence quenching. All theDR&lues were less than 5.0%
(Mean of three replicates).

Fig. 7 Fluorescence spectra of DNA-Culn@Ds withdifferent concentrations of DNA T1 in the
presence of GO: (a) 0 nmol*L(b) 0.029 nmol-L, (c) 0.073 nmol-L, (d) 0.117 nmol-L, (e)
0.147 nmol- I, (f) 0.220 nmol- L}, (g) 0. 293 nmol-L, (h) 0.367 nmol-L, (i) 0.440 nmol- L%, (j)
0.513 nmol- [, (k) 0.587 nmol- L., (I) 0.660 nmol- [}, (m) 0.733 nmol-L, (n) 0.806 nmol-1(0)
0.879 nmol-[*and (p) 0.952 nmol-t, respectivelyl nset: The relationship between fluorescence
intensity ratio I/ and the concentration of DNA T1 in the range 60£9-0.733 nmol-L. l,is the
original fluorescence intensity of DNA-Culp)Ds, and | is the fluorescence intensity of
DNA-CulnS;, QDs/GO with the addition of various concentratiaidDNA T1. Conditions: 200
uL DNA-CulnS, QDs, 10 mmol- ! NaH,PO,-Na,HPQ, buffer solution containing 10@mol-L™*
NaCl, pH 7.4, 0.733 nmol'L DNA T1, 1 h for hybridization, 18.Qg-mL* GO, 30 min for
fluorescence quenching. All the RSD values werg tlean 5.0% (Mean of three replicates).

Fig. 8 (A) The corresponding fluorescence intensity réitie) histograms in the presence of DNA
target T1 (red bar), single-base-mismatched tdd§&k T2 (green bar) and two-base-mismatched
target DNA T3 (blue bar). | and Were the fluorescence intensity of DNA-Cun@Ds with and

without T1, T2 or T3 in the presence of GO, respebt; (B) The fluorescence intensity of
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dsDNA-CulnS QDs/GO solution and dsDNA-Culp®Ds/GO solution with coexisting ions and
molecules (K, Na', C&*, Mg®", Zn**, acetateCl’, SO, CO;%, citrate, glucose, BSA and HSA).
Conditions: 200uL DNA-CulnS, QDs, 10 mmol- NaH,PO,-Na,HPO, buffer solution
containing 10umol- L™ NaCl, pH 7.4, 0.733 nmol"LDNA T1, T2, T3; 1 h for hybridization,
18.0 ug-mL* GO, 30 min for fluorescence quenching. All the R&ilues were less than 5.0%
(Mean of three replicates).

Table 1 Determination ofanthrax lethal factor DNA in human serum samples according to

equation (1)
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Fig. 8
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Table 1 Determination ofanthrax lethal factor DNA in human serum samples according to
equation (1)

Sample Added Found Recovery RSD
(M) (M) (%) (n=3, %)

1 0.05 0.048 96.0 2.00

2 0.10 0.099 99.0 1.33

3 0.20 0.210 105.0 3.25
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Highlights:

» Strongly fluorescent DNA-CulnS, QDs were successfully prepared by a one-pot hydrothermal
method with fluorescence quantum yield as high as 23.4%.

» A novel fluorescent biosensor for label-free detection of anthrax lethal factor DNA was
established based on the as-prepared DNA-CulnS, QDs.

» The DNA sensor took advantage of the feature that single-stranded DNA binds to GO with
significantly higher affinity than double-stranded DNA.

» Good sensitivity and selectivity were obtained.

» This method was utilized to detect anthrax lethal factor DNA in real sample with satisfactory
results.



