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Abstract: A “turn off-on” switch mode was established by using the interaction
between Acridine Orange (AO) and DNA as an input signal and utilizing the
room-temperature phosphorescence (RTP) reversible change of MPA-capped
Mn-doped ZnS QDs (MPA: 3-mercaptopropionic acid; QDs: quantum dots) as an
output signal in biological fluids. AO was absorbed into the surface of Mn-doped ZnS
QDs via electrostatic attraction, and thus formed a ground-state complex through
Photoinduced Electron Transfer (PIET). This complex quenched the phosphorescence
of Mn-doped ZnS QDs, then rendered the system into the “turn-off” mode. Along
with the addition of DNA and embedded binding with DNA, AO was competitively
induced to fall off from the surface of Mn-doped ZnS QDs and embed into the double
helix structure of DNA. As a result, the RTP of Mn-doped ZnS QDs was recovered
and the system was rendered into “turn-on” mode consequently. In this case, a new
biosensor for DNA detection was built, which has a detection limit of 0.033 mg L
and a detection range from 0.033 to 20 mg L. What’s more, such kind of biosensor
does not require complex pretreatments and is free from the interference from
autofluorescence and scattering light. Thus, this biosensor can be used to detect DNA
in biological fluids.
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1. Introduction

The “turn-off” switch system is commonly used for variety of sensors. However,
owing to the low signal/background ratio, the application of “turn-off” mode is
limited. Moreover, because of frequent nonspecific disturbance from other quenching
agents, false positive results may be occurred from the “turn-off” mode. Fortunately,
the shortcomings of “turn-off” switch system have been effectively overcome by the
appearance of the “turn off—on” switch system, which can improve the specificity of
detection systems as well [1-10]. Recently, the reversible ‘‘turn-off—on” detection
mode based on fluorescent quantum dots (QDs) has been successfully established
[9-12], which has attracted a lot of attention and widely used in detection of DNA [12],
mitoxantrone [11], nuclease [13] and virus [14, 15], and provided more reliable
detection performances and specificities. Since the proportion of false positive results
can be greatly reduced by the turn-on mode and a high signal/background ratio is able
to be provided by fluorescent QDs, this new test mode should be further studied for
future development of its application in the field of biosensors.

Recently, room-temperature phosphorescence (RTP) QDs detection has attracted
much attention and has been widely applied into sensors, especially biomolecular
sensors [16-27]. Owing to the longer lifetime of phosphorescence, RTP QDs detection
provides high reliability and stability without interference from autofluorescence or
scattered light [16, 18-20]. In additional, the detection selectivity is further enhanced
as phosphorescence is less common than fluorescence [17]. The development of RTP
sensors shows bright prospect [16-27] because any other complicated pretreatments

are required for the developed biosensors [18, 20, 25]. However, there is rare research

3



about the “Turn off—on” of RTP sensors.

As a fluorescent pigment and an important nucleic acid probe, acridine orange
(AO) is not only widely used to study the dynamics of DNA [28], but also commonly
applied in chemistry and biology as a DNA intercalator, cell stain, and membrane
penetrating probe [29-32].

As the basic genetic material in most organisms, DNA is the major carrier of
genetic information and the determinant of species continuation and evolution. Even
slight structural change will lead to the alteration of genetic traits-and the occurrence
of various diseases. Thus, research on nucleic acids has become a hotspot in
biochemistry, genetics, pharmacokinetics, and other fields. Fluorescence analysis with
high sensitivity, selectivity, and multiple parameters plays key roles in DNA analysis.
However, the endogenous fluorescence of nucleic acids, which is very weak, cannot
be used directly into the research and quantitative analysis of structures [33]. The
introduction of fluorescent probes provides a powerful tool for research of nucleic
acids. So far, many types of fluorescent probes have been applied into quantitative
determination of nucleic acids [34-43]. The commonly-used materials include
ethidium bromide [34], rare earth complexes [35-37] and cyanine dyes [38, 39]. In
recent years, some nanomaterial probes including QDs have been successfully applied
into detection of nucleic acids [41-43].

In this paper, we reported a novel RTP “turn off—on” switch system for sensitive
DNA detection. Nanohybrids are formed by 3-Mercaptopropionic acid (MPA)-capped
Mn-doped ZnS QDs and AO via electrostatic interaction, which quenched the RTP of

MPA-capped Mn-doped ZnS QDs through Photoinduced Electron Transfer (PIET),
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thus the RTP was “turned off”. By means of intercalation with DNA, AO was
competitively induced to fall off from the surface of MPA-capped Mn-doped ZnS
QDs and intercalate into the double helix structure of DNA, so that the RTP of
MPA-capped Mn-doped ZnS QDs can be restored and “turned on”. With the increase
of DNA content, the RTP restoring degree of MPA-capped Mn-doped ZnS QDs was
gradually improved (Fig. 1), so we established a new biosensor for quantitative
detection of DNA.
2. Experimental section
2.1. Materials and Chemicals

Mn-doped ZnS QDs were prepared from MPA (J&K Scientific, Beijing, China),
Zn(Ac),-2H,0, Mn(Ac),-4H,0, and Na,S-9H,0 (Tianjing Kermel Chemical Reagent
Co., China). Ultrapure water (18.2 MQ e¢m) was obtained from a Water Pro water
purification system (Labconco Corporation, Kansas City, MO). AO and Salmon
Testes DNA (hsDNA) were provided by Sigma.
2.2. Apparatuses

The morphology and microstructure of QDs were characterized by a JEM-2100
transmission electron microscope (TEM, Japan). Phosphorescence was measured by a
Cary Eclipse fluorescence spectrophotometer (Varian American Pty Ltd., America)
equipped with a plotter unit and a quartz cell (1 cm x 1 cm) in the phosphorescence
mode. pH was measured with a pH meter (Jinpeng Analytical Instruments Co. Ltd,
China). The Resonance Light Scattering (RLS) spectra were recorded in the same

spectrofluorometer by scanning both the excitation and emission monochromators (AA



= 0) from 200 to 700 nm. Absorption spectra were measured using a Shimadzu
UV-29100 UV/Vis spectrophotometer.
2.3. Synthesis of Mn-Doped ZnS QDs

Mn-Doped ZnS QDs were synthesized in aqueous solutions as per a published
method [20, 44] with minor modification. The specific steps are as follows: 5 mL of
0.1 M Zn(Ac),, 2 mL of 0.01 M Mn(Ac),, and 50 mL of 0.04 M MPA were added to a
three-neck flask. With a pH meter, the mixture was adjusted to pH 11 with'1 M NaOH.
At room temperature under argon conditions, after ventilation of argon for 30 min,
then 5 mL of 0.1 M Na,S was injected into the mixture. After stirring for 20 min, the
solution was aged at 50 °C under open air for 2 h. The QDs were precipitated with a
same volume of anhydrous ethanol and then centrifuged at 2000 r/min for 10 min.
After the supernatant was discarded, the QDs were washed again with anhydrous
ethanol, followed by centrifugation at 2000 r/min for another 10 min. After the
supernatant was discarded, the remaining solution was vacuum-dried at room
temperature for 24 h. Finally, the solid power nanoparticles as expected were
prepared:
2.4. Synthesis of MPA-capped Mn-doped ZnS QDs with AO “Turn-off”’
nanohybrids

To study the AO effect of the MPA-capped Mn-doped ZnS QDs on the RTP

intensity, we prepared a 2.0 x 10° M mother liquor from AO; then added different
volumes of the mother liquor were added into the phosphate-buffered solution (PBS,
pH 7.4, 10 mM). MPA-capped Mn-doped ZnS QDs were dissolved in water to form a

2.0 mg mL™" solution, which (100 pL) was added to each of the above AO solutions.
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After 5 min, the RTP was measured. RLS (AA = 0) from 200 to 700 nm in the above
solutions was also detected.
2.5. Influence factors affecting Mn-doped ZnS QDs/AO nanohybrids

To investigate the effects of pH on the Mn-doped ZnS QDs/AO “Turn-off”
nanohybrids, PBS solutions from pH 5.5-9.5 were prepared. The assay solutions
containing MPA-capped Mn-doped ZnS QDs (100 pL), AO (50 uL), and PBS (pH
5.5-9.5) were each diluted to 5 ml. Reactions proceeded for 5 min before
spectrophotometry.

To investigate the effects of retention time on the Mn-doped ZnS QDs/AO
“Turn-off” nanohybrids, the assay solutions containing MPA-capped Mn-doped ZnS
QDs (100 pL) and AO (50 pL) were each prepared in 5 ml of PBS (10 mM, pH 7.4).
Reactions proceeded for 0, 5, 10, 20, 30, 40, or 60 min before spectrophotometry.

To investigate the effects of salt concentrations on the Mn-doped ZnS QDs/AO
“Turn off” nanohybrids, the assay solutions containing MPA-capped Mn-doped ZnS
QDs (100 pL); AO (50 pL), and varying concentrations of NaCl (0-0.6 M) were
prepared each in 5 ml of PBS (10 mM, pH 7.4). Reactions proceeded for 5 min before
spectrophotometry.

2.6. Min-doped ZnS QDs/AO nanohybrids as RTP probe for DNA

To detect UV-vis absorption spectra of DNA, AO, Mn-doped ZnS QDs, the
Mn-doped ZnS QDs/AO nanohybrids, and the Mn-doped ZnS QDs/AO + DNA; DNA
(8 mg L"), AO (20 pM) and the Mn-doped ZnS QDs (40 mg L) at different
combinations were prepared each in 5 ml of PBS (10 mM, pH 7.4). Reactions

proceeded for 5 min before spectrophotometry.
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To study the effects of DNA on Mn-doped ZnS QDs without the presence of AQO,
the assay solutions containing Mn-doped ZnS QDs (100 pL) and varying
concentrations of DNA (0-60 mg L") were prepared each in 5 ml of PBS (10 mM, pH
7.4). Reactions proceeded for 5 min before spectrophotometry.

To study the DNA-AO interaction, the assay solutions containing AO (50 pL.) and
varying concentrations of DNA (0-80 mg L") were prepared each in 5 ml of PBS (10
mM, pH 7.4). Reactions proceeded for 5 min before RLS detection.

2.7. DNA-AO interaction

To investigate the absorption spectra of DNA ‘with the presence of varying
concentrations of AO, we prepared solutions containing 8 mg L' DNA and 0-20 uM
AO each in 5 ml of PBS (10 mM, pH 7.4). Reactions proceeded for 5 min before
absorption spectral analysis.

To investigate the absorption spectra of AO with the presence of various
concentrations of DNA, we prepared solutions containing 20 pM AO and 0-12 mg L'
DNA each in 5 ml of PBS (10 mM, pH 7.4). Reactions proceeded for 5 min before
absorption spectra analysis.

2.8. Docking calculation between salmon sperm DNA and AO

The salmon sperm DNA double-helix (CCCTAGCC) and small-molecule AO
structure were constructed in SYBYL. Then the small-molecule AO was connected
via the Surflex-dock module into the DNA, and the prototype molecules (default
parameters) for butt-joint were formed with AT or GC as the center. Then the butting
results were put out and used into analysis of the affecting mode.

2.9. Selectivity of DNA sensor



To investigate the interferences of some common metal ions and biomolecules in
biological fluids, we prepared the assay solutions containing Mn-doped ZnS QDs
(100 pL), AO (50 pL), DNA (1 mg L'l) and varying concentrations of metal ions or
biomolecules each in 5 ml of PBS (10 mM, pH 7.4). Reactions proceeded for 5 min
before spectrophotometry.

2.10. Sample Pretreatment and Measurement Procedures

Urine was collected from healthy individuals, and the DNA contents were detected
using the method in this system. Each determination was repeated 3 times, and the
average value was computed. The specific steps are as‘follows: PBS (0.2 M, 0.25 mL),
AO (2.0 x 10° M, 50 puL), MPA-capped Mn-doped ZnS QDs (2 mg mL™", 100 pL),
and urine (0.05 mL) were sequentially added to a 5 mL calibrated test tube. A blank
test was also set. The mixtures were diluted to 5 mL with ultrapure water, mixed
thoroughly, and aged for 5 min. Then the phosphorescence of the mixtures was
measured at an excitation wavelength of 295 nm. Experiments were repeated three
times. Similarly, a recovery study was carried out in the samples spiked with 2.0, 3.0
and 4.0 mg L' DNA. Then the spiked recovery rate was computed as (result after
spiking - result before spiking)/spiking amount. No further pretreatment procedures
were employed in sample preparation.
3. Results and discussion
3.1. Characterization of the MPA-capped Mn-doped ZnS QDs

The size of MPA-capped Mn-doped ZnS QDs was tested to be about 3.5 nm by
TEM (Fig. Sla). The maximum excitation peak occurred at 295 nm and a narrow

emission band was centered at 590 nm: Av; is the fluorescence occurring from the
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surface defect of ZnS QDs; hv; is the phosphorescence attributed to the transition of
Mn** from the triplet state (*T}) to the ground state (°A;) (Fig. SIb). As reported, an
orange phosphorescence emission (about 590 nm) was showed by Mn-doped ZnS
QDs [45], which is attributed to the energy transfer from the band gap of ZnS to the
dopant Mn?* and the subsequent T, to °A, transition of the Mn®* incorporated into the
lattice of ZnS [46].

3.2. Synthesis of MPA-capped Mn-doped ZnS QDs with AO “Turn-off”’
nanohybrids

With the increasing AO concentration, the RTP intensity of QDs was gradually
quenched at 590 nm (Fig. 2a), and the RTP-intensity became negligible with the
presence of 20 uM AO (insert in Fig. 2a).

At pH 7.4, the MPA-capped Mn-doped ZnS QDs were negatively charged on
surface. However, AO became a good electron acceptor and the surface of AO is
positively charged since the nitrogen atoms on the heterocyclic ring of AO are prone
to protonation.- Therefore, Mn-doped ZnS QDs/AO nanohybrids are formed by AO
and QDs based on electrostatic interaction. In order to realize the “Turn-off” mode of
RTP (Fig. 2b), the PIET between AO and Mn-doped ZnS QDs quenched the RTP of
Mn-doped ZnS QDs at the same time.

With addition of AO, RLS spectra show that the MPA-capped Mn-doped ZnS
QDs and AO are aggregated. After that, the hydrophobic effect was enhanced, which
promoted the aggregation between MPA-capped Mn-doped ZnS QDs and AO to
develop larger particles (Fig. S2). Within 200-700 nm, the RLS intensity of the

MPA-capped Mn-doped ZnS QDs was low. After mixing, however, with the
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increase of AO concentration, the RLS intensity is also increased, which indicated

that the QDs and AO formed polymers through electrostatic interaction, thus

promote the aggregation via hydrophobic effect.
3.3. Factors affecting the stability of Mn-doped ZnS QDs/AO “Turn-off”’
nanohybrids

The effects of several factors on the RTP intensity of Mn-doped ZnS QDs/AO
“Turn-off” nanohybrids were analyzed. The RTP intensity is rapidly enhanced and
smoothly improved with the increment of pH within 5.5-7.0 and 7.0-8.0 respectively,
and it is greatly weakened with the increase of pH ‘within 8.0-9.0 (Fig. S3a). The
reason is that, the sensor is stable within pH 7.0-8.0 when the physiological pH is 7.4,
so pH 7.4 was selected as the optimal value. The RTP intensity of the “Turn-off”
nanohybrids was basically stable within 60 min (Fig. S3b) or under from 0 to 0.2 M
salt concentration (Fig. S3c). The above results indicate that the RTP intensity of these
nanohybrids is relatively stable within pH 7.0-8.0.
3.4. Mn-doped ZnS QDs/AO nanohybrids via “Turn-on” as RTP probe for DNA
Figure 3a shows the ultraviolet (UV) spectra of DNA (curve a), AO (curve b)

and MPA-capped Mn-doped ZnS QDs (curve c). With the addition of AO,
enhancement and red-shift is appeared on the UV spectra of Mn-doped ZnS QDs
(curved). With the addition of DNA into the mixture of Mn-doped ZnS QDs and AO,
further enhancement and red-shift is appeared on the UV spectra of Mn-doped ZnS
QDs (curve e). Curves d and f (data of b plus c) are very different from curves e and g
(data of a plus b plus c), which indicates the obvious interactions between Mn-doped

ZnS QDs and AO, and between Mn-doped ZnS QDs/AO and DNA.
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The RTP intensity of Mn-doped ZnS QDs/AQO nanohybrids was gradually and
regularly strengthened with the increment of DNA content (Fig. 3b), and thus realize
the DNA detection via the “turn-on” mode. However, with the absence of AO, the
RTP intensity of separate Mn-doped ZnS QDs changed less severely with the increase
of DNA content within 0 to 80 mg L. This is because the MPA capping the surface of
Mn-doped ZnS QDs and DNA are both negatively charged in a weak alkaline solution,
and the interaction between DNA and Mn-doped ZnS QDs is also weak owing to
mutual repelling (Fig. 3c). Figure 3d shows the RLS spectra of DNA-AOQO interaction.
RLS was enhanced gradually with the separately fixed concentration of AO and
increased concentration of DNA, which reflects the occurrence of interaction and
aggregation between AO and DNA. This is mainly due to the long-distance assembly
of AO on the surface of DNA molecules [47]. The large mole ratio of organic
molecules to nucleic acid .and the low ionic strength in the medium induced the
formation of superhelix structure in nucleic acids. This superhelix structure is formed
due to the long-distance assembly of organic molecules on the surface of nucleic acids.
Therefore, severe increase of RLS was resulted in due to the interaction between
organic ‘molecules and nucleic acids, which indicates that organic molecules are
aggregated on the surface of nucleic acids to form a superhelix structure [47, 48].

3.5. Characterization of Mn-doped ZnS QDs as RTP “Turn off-on” probes

Based on these results, a quantitative method for DNA detection by Mn-doped
ZnS QDs RTP “Turn off—on” was designed. When AO and Mn-doped ZnS QDs
formed nanohybrids, RTP was “turned off”’; when varying contents of DNA were

added into the nanohybrids, RTP was gradually recovered. Under the optimal
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conditions, the RTP recovery value of the nanohybrids (ARTP) and the DNA
concentration were in linear relationship within certain range (Fig. 4).

The linear range of DNA are 0.033-2 mg L' and 2-20 mg L", and the linear
equations are ARTP = 27.193 Cpna— 1.898 (R = 0.998) and ARTP = 6.5627 Cpna—
45.432 (R =0.993). This biosensor has a detection limit (35) of 0.033 mg L! (where &
is the standard deviation from 11 continuous parallel detections of 0.2 mg L' DNA).
For systems without DNA and with 0.2 mg L' DNA, the 11 continuous parallel
detections have a relative standard deviation of 5.3%. The detection limit of this
biosensor is close to that of other nanoparticle nonspecific DNA quantitative
determination methods [49, 50]. But the system has a wider linear range and the RTP
suffers from less background interference from biological fluids, so this system can
detect DNA content in complex biological fluids without complex pretreatments.

3.6. Working mechanism between DNA and AO

The structural changes of DNA after acted with AO are an important way to study
the working mechanism between DNA and AO. The action between DNA and AO
was studied through UV spectra.

Figure 5a shows the UV absorption spectra of DNA molecules added with
different concentrations of AO. With the increase of AO concentration, the UV
absorption intensity of DNA between 210-400 nm was enhanced. With the
260nm/295nm absorption ratio (Azs0/Az9s) as Y-axis, and the concentration of AO as
X-axis (Fig. 5b), then Ayep/Asgs decreased abruptly at 4 uM AO, but changed slightly
with further increase of AO content. These phenomena indicate that the addition of

AOQ can change the planar structure of DNA [19, 51-55].
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Under the experimental conditions, AO was positively charged, or namely, the
nitrogen atoms on its heterocyclic ring are prone to protonation. After the addition of
DNA into the Mn-doped ZnS QDs/AO system, the protonated nitrogen atoms
interacted electrostatically with the negatively-charged phosphate group inside the
DNA. Thus, we speculate that AO and DNA were combined via intercalation.

To further confirm that DNA and AO were combined probably via intercalation,
we experimentally researched the absorption spectra due to the DNA-AQ interaction
(Fig. 5¢). Clearly, after AO interacted with DNA, the characteristic-absorption peak of
AO at 500 nm was bleached obviously. Such bleaching effect was probably due to the
shielding effect of double chain structure of DNA on the absorbance of AO [56].
Consequently, we deduced that DNA' and AO were combined probably via
intercalation.

These results indicate that DNA-AO actions involved are not only electrostatic
interaction, but also intercalation binding, and the action between Mn-doped ZnS QDs
and AOQ is electrostatic interaction. Therefore, the DNA-AO interaction was stronger
compared with the Mn-doped ZnS QDs/AQ interaction. Thus, DNA could obtain AO
from the Mn-doped ZnS QDs/AO nanohybrids, leading to the recovery of RTP in
Mn-doped ZnS QD and thus to the occurrence of “turn-on”.

3.7. Docking calculation between salmon sperm DNA and AO
We simulated the docking between salmon sperm DNA and AO on SYBYL and
investigated the mechanisms.

AO was inserted between the AT pair in DNA. After docking, the small-molecule

puts out 20 conformations and we selected the top-ranking conformations for analysis.
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We preliminarily speculated the possible combination patterns (Fig. 6A and Fig. 6B).
Clearly, the optimized small-molecule was inserted between the AT pair and formed a
n-m interaction together with the pyrimidine rings of adenine (A, green) and cytosine
(T, red), while the electrostatic interaction was developed by protonated N atoms on
AO and the DNA phosphate groups (Fig. 6A and Fig. 6B).

AO was inserted between the GC pair in DNA. After docking, the
small-molecule puts out 20 conformations and we select the top-ranking
conformations for analysis. We preliminarily speculate the possible combination
patterns (Fig. 6C and Fig. 6D). Clearly, the optimized small-molecule was inserted
mainly via n-m interaction into the GC bases, and formed a m-n action together with
cytosine (C, purple ) and guanine (G blue) (Fig. 6C and Fig. 6D).

The results indicate the patterns of inserting small-molecule AO separately into
the AT pair and GC pair of salmon sperm DNA, while the docking results show that
the small-molecule was inserted into the DNA mainly through n-m interaction.

3.8. Selectivity of Mn-doped ZnS QDs RTP “Turn off-on’ probes

Some common metal ions and biomolecules in biological fluids were used to
investigate their interferences on detection of DNA by Mn-doped ZnS QDs RTP
"Turn off-on" probes. With 1 mg L' DNA, the RTP change of MPA-capped
Mn-doped ZnS QDs was not affected by a 2000-fold of Na®, 500-fold of K*, 20-fold
of Ca**, 10-fold of Mg**, 100-fold Glucose, 0.2-fold RNA, 50-fold of L-Cys, 100-fold
of L-His, 50-fold of L-Gly, 20-fold of L-Asp, or 15-fold of L-Glu.

Regarding the binding pattern, AO is embedded in between the double chains of

DNA, but it is accumulated via electrostatic attraction onto the phosphate radical of
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RNA. Owing to the presence of electrostatic attraction between QDs and AO and
since the embedding force is stronger than the electrostatic attraction, DNA is more
likely to deprive AO from the QDs, which enhances the specificity of this sensor in
DNA detection.

AOQO can bind with both DNA and RNA, but RNA is unstable and decomposes
easily in weak alkaline solutions. Thus, its content is very lower compared with DNA.
In this study, the detection buffer solutions are all weak alkaline (pH 7.4); the urine
solutions were further diluted by 100. As a result, the RNA content relative to DNA
content can be ignored. The major reasons are listed below.

(1) Regarding the DNA decomposition enzymes, RNase is very unremovable
because of its high stability and tolerance against high temperature and high pressure,
while DNase will not be inactivated at high temperature. Thus, RNA stored in vitro is
more prone to enzymolysis-because of enzyme pollution, and should be stored under
stricter conditions compared with DNA.

(2) Regarding the tolerance against acid and alkaline, RNA is more prone to
decomposition under weak alkaline conditions.

(3) From the structural perspective, RNA is more prone to decomposition
because its 2' site contains a free OH, which will form an intermediate of
2'3'-ring-shaped phosphate and requires lower free energy. On the contrary, the
decomposition of DNA requires higher free energy because its 2° site does not contain

a free hydroxy and does not produce such intermediate.

3.9. Sample analysis

Figure S4 shows that no background phosphorescence (curve 1) but strong
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background fluorescence (curve 2) was found in the urine, because many proteins and
other biological molecules scatter biological autofluorescence, but little
autophosphorescence.

Further experiment was performed to validate whether the Mn-doped ZnS QDs
RTP “Turn off-on” mode can be used in determination of DNA content. Urine was
collected from healthy individuals, and the RTP was measured using the method in
this system. A blank sample was also set. The difference of RTPs between the urine
and the blank was computed and marked as ARTP, which was then substituted into
ARTP = 27.193 Cpna — 1.898 (R = 0.998). Finally, the DNA content in the urine was
computed (this result corresponds to the solution diluted by 100 times, with 0.05 ml of
urine). Each test was repeated 3 times. To validate the reliability of this DNA testing
system in detection of urine DNA, we further tested the recovery of DNA from urine
samples. Specifically, the spiking amounts of DNA were 2.0, 3.0 and 4.0 mg L'
separately. The RTP after spiking was measured using the method in this system. A
blank sample was also set. The difference of RTPs between the spiked urine and the
blank was computed and marked as ARTP, which was substituted into ARTP =
6.5627 Cpna — 45.432 (R = 0.993). The DNA content in the spiked urine was
computed. The spiked recovery rate was computed as (result after spiking - result
before spiking)/spiking amount. Each test was repeated 3 times. The standard addition
recoveries on urine samples added with DNA are 96%-103% (Table 1). Pretreatment
was not needed in all samples.

4. Conclusions
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Based on the “Turn off-on” mode, a biosensor for quantitative detection of DNA in
biological fluids was proposed. AO was absorbed into the surface of MPA-capped Mn-doped ZnS
QDs by means of electrostatic attraction, and a ground-state complex was formed by
Photoinduced Electron Transfer (PIET). Such reactions quenched the phosphorescence of QDs
and developed MPA-capped Mn-doped ZnS Dots/AO nanohybrids, rendered the system into “turn
off” mode. With the addition of DNA, AO was competitively induced to fall off from the surface
of the QDs and embed into the double helix structure of DNA through the intercalation with DNA.
Such reactions recovered the RTP of QDs and rendered the system into “turn-on” mode. Finally,
we realized the “Turn off—on” of MPA-capped Mn-doped ZnS QDs by quenching and recovering
RTP. Based on this, a new biosensor for DNA detection was developed. This sensor has a
detection limit of 0.033 mg L' and two linear ranges from 0.033 to 2 mg L and from 2 to 20 mg
L. The present QDs-based RTP “Turn off-on” biosensor does not need deoxidants or
other inducers as required by conventional RTP detection methods, and avoids
interference from autofluorescence and the scattering light of the matrix that are
encountered in-spectrofluorometry. Therefore, this biosensor can be used to detect the
DNA content in body fluids.
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ACCEPTED MANUSCRIPT

Table Captions

Table 1 Recovery for the determination of DNA in urine samples (Mean + s; n = 3).



Table 1 Recovery for the determination of DNA in urine samples (Mean + s; n = 3).

DNA spiked Recovery
Type of samples
(mgL™) (%)
2.0 103 +4
Human urine 3.0 96+ 2
4.0 101 £2
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Figure Captions

Fig. 1. (a) Schematic illustration of fabricating Mn-doped ZnS QDs “Turn off—on” for
DNA detection; (b) The structure of MPA-capped Mn-doped ZnS QDs; (c) The
structure of AO.

Fig. 2. (a) AO concentration-dependent RTP emission of the 40 mg L' MPA-capped
Mn-doped ZnS QDs. The inset shows the change of the RTP intensity with the
increase of the AO concentration. (b) Illustration of the “Turn off” of QDs after the
addition of AO. Solutions were prepared in PBS (10 mM, pH 7.4).

Fig. 3. (a) UV-vis spectra of a) DNA, b) AO, ¢) the MPA-capped Mn-doped ZnS QDs,
d) the MPA-capped Mn-doped ZnS QDs/AO. nanohybrids, e) the MPA-capped
Mn-doped ZnS QDs/AO + DNA, f) data of b plus c, g) data of a plus b plus c; DNA
concentration-dependent RTP emission of (b) the MPA-capped Mn-doped ZnS
QDs/AO hybrids, (c) the MPA-capped Mn-doped ZnS QDs without AO, and (d) AO.
Solutions were prepared in PBS (10 mM, pH 7.4).

Fig. 4. Plots of ARTP as a function of DNA concentration show two linear ranges.
Buffer, 10 mM.PBS (pH 7.4); MPA-capped Mn-doped ZnS QDs, 40 mg L'l; AO, 20
uM.

Fig. 5. (a) The absorption spectra of 8 mg L' DNA in the presence of varying
concentrations of AQO. (b) The effect of the AO concentration on Asgy/Azgs. (c) The
absorption spectra of 20 uM AO in the presence of varying concentrations of DNA.
Solutions were prepared in PBS (10 mM, pH 7.4).

Fig. 6. (A) Image showing the combination pattern between small-molecule AO and

DNA (AT); (B) Local image showing the combination of small-molecule AO onto
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surface (static) of DNA (AT) pocket; (C) Image showing the combination pattern
between small-molecule AO and DNA (GC); (D) Local image showing the
combination of small-molecule AO onto surface (static) of DNA (AT) pocket; Colors

from red to purple prepresent the strongest positve and negative electrical areas.
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Fig. 1. (a) Schematic illustration of fabricating Mn-doped ZnS QDs “Turn off—on” for
DNA detection; (b) The structure of MPA-capped Mn-doped ZnS QDs; (c) The

structure of AO.
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Fig. 2. (a) AO concentration-dependent RTP emission of the 40 mg L' MPA-capped
Mn-doped ZnS QDs. The inset shows the change of the RTP intensity with the
increase of the AO concentration. (b) Illustration of the “Turn off” of QDs after the

addition of AO. Solutions were prepared in PBS (10 mM, pH 7.4).
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Fig. 3. (a) UV-vis spectra of a) DNA, b) AO, c¢) the MPA-capped Mn-doped ZnS QDs,

d) the MPA-capped Mn-doped ZnS QDs/AO nanohybrids, e) the MPA-capped

Mn-doped ZnS QDs/AO + DNA, f) data of b plus c, g) data of a plus b plus ¢c; DNA

concentration-dependent RTP emission of (b) the MPA-capped Mn-doped ZnS

QDs/AO hybrids, (c) the MPA-capped Mn-doped ZnS QDs without AO, and (d) AO.

Solutions were prepared in PBS (10 mM, pH 7.4).
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Fig. 4. Plots of ARTP as a function of DNA concentration show two linear ranges.
Buffer, 10 mM PBS (pH 7.4); MPA-capped Mn-doped ZnS QDs, 40 mg L'l; AO, 20

uM.
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Fig. 5. (a) The absorption spectra of 8 mg L' DNA in the presence of varying
concentrations of AO. (b) The effect of the AO concentration on Ajgp/Az9s. (¢) The

absorption spectra of 20 uM AO in the presence of varying concentrations of DNA.

Solutions were prepared in PBS (10 mM, pH 7.4).
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Fig. 6. (A) Image showing the combination pattern between small-molecule AO and
DNA (AT); (B) Local image showing the combination of small-molecule AO onto
surface (static) of DNA (AT) pocket; (C) Image showing the combination pattern
between small-molecule AO and DNA (GC); (D) Local image showing the
combination of small-molecule AO onto surface (static) of DNA (AT) pocket; Colors

from red to purple prepresent the strongest positve and negative electrical areas.
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Supplementary Materials:
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Fig. S1. (a)TEM image of MPA-capped Mn-doped ZnS QDs. (b) The excitation and
RTP emission spectra of Mn-doped ZnS QDs (40 mg L™). Solutions were prepared in

PBS buffer (10 mM, pH 7.4).
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Fig. S2. RLS spectra of the MPA-capped Mn-doped ZnS QDs (40 mg L") with the

presence of varying concentrations of AO. Solutions were prepared in PBS (10 mM,

pH 7.4).
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Fig. S3. (a) Effect of pH on the RTP emission of the MPA-capped Mn-doped ZnS
QDs/AO. Solutions were prepared in PBS (10 mM) at different pH levels; (b)
Time-dependent RTP emission of the Mn-doped ZnS QDs/AQO nanohybrids. (c) Effect
of NaCl concentration on the RTP emission of the Mn-doped ZnS QDs/AO (40 mg

L'20 pM) nanohybrids. Buffer: 10 mM PBS (pH 7.4).
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Fig. S4. The RTP (Curve 1) and fluorescence spectra (Curve 2) of urine.
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