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Abstract: This paper presents the first
example of a sensitive, selective, and
stable phosphorescent sensor based on
phosphorescence  energy  transfer
(PET) for thrombin that functions
through thrombin-aptamer recognition
events. In this work, an efficient PET
donor—acceptor pair using Mn-doped
ZnS quantum dots labeled with throm-
bin-binding aptamers (TBA QDs) as
donors, and carbon nanodots (CNDs)
as acceptors has been constructed. Due
to the m—m stacking interaction be-
tween aptamer and CNDs, the energy

is acquired. With the introduction of
thrombin to the “off state” of the
TBA-QDs-CNDs system, the phos-
phorescence is “turned on” due to the
formation of quadruplex-thrombin
complexes, which releases the energy
acceptor CNDs from the energy
donors. Based on the restored phos-
phorescence, an aptamer-based turn-on
thrombin biosensor has been demon-
strated by using the phosphorescence
as a signal transduction method. The
sensor displays a linear range of 0O-
40 nm for thrombin, with a detection

limit as low as 0.013 nm in pure buffers.
The proposed aptasensor has also been
used to monitor thrombin in complex
biological fluids, including serum and
plasma, with satisfactory recovery rang-
ing from 96.8 to 104.3%. This is the
first time that Mn-doped ZnS quantum
dots and CNDs have been employed as
a donor-acceptor pair to construct
PET-based biosensors, which combines
both the photophysical merits of phos-
phorescence QDs and the super-
quenching ability of CNDs and thus af-
fords excellent analytical performance.

donor and acceptor are taken into
close proximity, leading to the phos-
phorescence quenching of donors, TBA
QDs. A maximum phosphorescence

energy transfer
quenching efficiency as high as 95.9 % il

Introduction

The development of sensitive, selective, and cost-effective
methods for the detection of disease-related biomolecules in
biological fluids has attracted much attention because of
their potential applications in clinical diagnostics and treat-
ment. Human a-thrombin (thrombin), a trypsin-like serine
protease that converts soluble fibrinogen into insoluble
strands of fibrin and catalyzes many other coagulation-relat-
ed reactions, plays important roles in molecular biology,
such as in the regulation of tumor growth, metastasis, and
angiogenesis.!! Clearly, it is of great importance to establish
highly sensitive and selective methods to detect thrombin.
Among the developed approaches for thrombin detection,
aptamer-based thrombin biosensors (known as aptasensors
or aptamer beacons) that exploit thrombin-binding aptamer
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We believe this proposed method could
pave the way to a new design of bio-
sensors using PET systems.

biosensors -

(denoted as TBA, e.g., 15-mer, 5-GGTTGGTGTGGTTGG-
3) as a biorecognition element and then transduce the bind-
ing-induced conformational changes into a quantifiable
signal, have been extensively investigated because of the
high specificity of protein-aptamer recognition events.*!!l
For most of these aptamer-based thrombin sensors, the
signal transduction methods rely on electrochemical and op-
tical schemes. Electrochemical signal transduction methods
include amperometric,””! and impedimetric signaling."! Opti-
cal signal transduction methods include fluorescence,” ab-
sorbance,® electrochemiluminescence,l’) mass spectrosco-
py® surface enhanced resonance Raman scattering
(SERRS),”! and localized surface plasmon resonance
(LSPR).I1 Recently, the Kopelman group has presented
label-acquired magnetorotation (LAM) for thrombin detec-
tion as a new signal transduction method.!""
Room-temperature phosphorescence (RTP) can be de-
fined as radiative transition originating from the lowest ex-
cited triplet state, T}, to the ground singlet state, S,. As a
very useful signal transduction method, RTP has gained sig-
nificance for optical sensing applications because it displays
many advantages over steady-state fluorescence methods.
Especially, the longer emission lifetime of the triplet excited
state of phosphors allows an appropriate delay time so that
any fluorescent emission and scattering light can be easily
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avoided. Furthermore, RTP detection is a more efficient ap-
proach for elimination of background fluorescence in com-
plex matrixes (e.g., environmental samples, foods, and bio-
logical fluids).">" Despite the advantages offered by RTP
detection, its most important drawback, which limits the de-
velopment of new RTP-sensing systems, is the lack of suit-
able phosphorescence indicators for a given analyte. Howev-
er, phosphorescence energy transfer (PET), a long range
and nonradiative energy transfer process in which the phos-
phorescent molecule (donor) transfers its energy to the ab-
sorber (acceptor) within close proximity through dipole—
dipole coupling of the donor and acceptor molecules, could
be used as a general strategy to develop RTP-sensing
schemes."” In the few FET-based analytical systems that
have been developed,“s] the mechanism is based on the con-
cept of converting color changes into luminescence emission
information. Provided that there is spectral overlap of the
absorption spectrum of an analyte-dependent dye acceptor
with the emission of an inert phosphorescent donor, the
donor (phosphorescent molecule) transfers its energy to the
acceptor (analyte-sensitive dye) and the acceptor dissipates
this energy through nonradiative processes. Based on the
color changes of analyte-dependent dye acceptor, which will
change the phosphorescence intensity of the donor, a FET
method for determination of the analyte can be developed.

In the present study, a novel PET-based analytical system
with high sensitivity and specificity has been designed. In
the designed PET model, a donor—acceptor pair is construct-
ed and can be brought to a suitable distance to make PET
occur, which “turns off” the phosphorescence of the donor.
When the analyte is introduced into the system, the phos-
phorescence of the donor is “turned on” due to the specific
intermolecular recognition event between the analyte and
donor, which makes the acceptor release from the donor.
Based on the restored phosphorescence, a PET-based detec-
tion method for the analyte can be proposed. However, to
the best our knowledge, such attempts have not so far been
made to design biosensors. Herein, we demonstrate the first
example of a sensitive, selective, and stable PET-based phos-
phorescent sensor for thrombin that functions through a
thrombin—aptamer recognition event.

In the proposed PET system, Mn-doped ZnS quantum
dots (Mn-ZnS QDs) and carbon nanodots (CNDs) are used
as energy donors and acceptors, respectively. Recently, Mn-
ZnS QDs have attracted considerable interest and have
been used as promising room-temperature phosphorescence
probes for optosensors due to the long-lived RTP emission
of Mn-ZnS QDs that allows autofluorescence and scattering
light to be avoided. In another aspect, QDs have shown
many advantages over conventional organic dyes and inor-
ganic luminophors such as high quantum yield, tunable
emission wavelength, and good resistance to photobleach-
ing. Water-soluble QDs are also easy for bioconjugation and
are widely employed as chemo/biosensing materials.'®! To
design an efficient PET system in which energy acceptors
could quench the emission of donors as much as possible,
the choice of acceptors with strong quenching ability is of
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great importance because a larger quenching efficiency will
generally lead to higher detection sensitivity in quantitative
assays.’"'7l Recently, graphite-based structures (e.g., gra-
phene or grapheme oxide) with sp? electronic hybrid and a
large conjugate plane have exhibited superquenching ability
and have been employed as energy acceptors, which may be
attributed to their strong electron-capturing tendency.>-™1%l
Carbon nanodots (CNDs), a newly emerging form of carbon
nanomaterials with the size of zero-dimension, have inspired
intense research efforts in various fields, such as bioimaging
and light energy conversion.™ CNDs possess similar sp
electronic structure to that of graphene, and broad absorp-
tion bands, which means they are expected to possess strong
phosphorescence quenching ability and are favorable candi-
dates for energy acceptors. However, the use of CNDs as
energy acceptors has rarely been reported.

In the present work, we have developed a PET-based bio-
sensor using Mn-ZnS QDs and CNDs as the energy donor—
acceptor pair for the first time. The strategy for thrombin
detection is based on aptamer-bridged phosphorescent
energy transfer from Mn-ZnS QDs to CNDs, as shown in
Scheme 1. In our design, energy donors Mn-ZnS QDs are
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Scheme 1. Schematic illustration of the turn-on thrombin sensor based on
PET from aptamer-labeled Mn-ZnS QDs to carbon nanodots.

first labeled with thrombin-binding aptamers (denoted as
TBA QDs), on the basis of the n—m interaction between the
aptamer and CNDs due to the sp® electronic hybrid struc-
ture of CNDs, the donor and the acceptor are taken into
close proximity, which results in the occurrence of PET and
phosphorescence quenching of TBA QDs (off-state). With
the introduction of target analyte, thrombin, to the as-
formed TBA-QDs-CNDs system, the formation of quadru-
plex-thrombin complex will lead to the disappearance of the
n—n stacking interaction, thus CNDs are released from the
TBA QDs. As a result, the PET process is inhibited and the
phosphorescence of TBA QDs is recovered (turn-on state).
Based on the restored phosphorescence, a homogeneous
turn-on assay for thrombin is proposed.

Results and Discussion
Characterization of MPA-capped Mn-doped ZnS QDs and

carbon nanodots: To realize the above PET couple, 3-mer-
captopropionic acid (MPA) capped Mn-Doped ZnS QDs

Chem. Eur. J. 0000, 00, 0-0


www.chemeurj.org

Detection of Thrombin in Biological Fluids

(MPA QDs) and carbon nanodots were first synthesized and
characterized, respectively. The synthesis of MPA QDs was
carried out through the reaction of zinc sulfate, manganese
chloride, and sodium sulfide, according to a previously re-
ported procedure."*>! In the present synthesis, the intro-
duction of MPA can greatly improve the efficiency and re-
producibility of the doping of Mn due to the covalent inter-
action between thiols and the surface of the QDs.”” Fur-
thermore, conjugation of the thrombin aptamer with MPA
QDs can be achieved with the aid of coupling reagents, 1-
ethyl-3-(3-dimethyllaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS)."7") The morphologies of the
MPA QDs were observed by transmission electron micro-
scopy (TEM), as shown in Figure 1 A. The particles show
spherical shape and have nearly uniform size. A little ag-
glomeration is observed due to the evaporation of solvent.
The average diameter of these nanocrystals is estimated to
be 3.0 nm. These observed characterizations are in good
agreement with previous publications."** The thrombin
aptamer was conjugated to MPA QDs through the use of
conventional coupling reagents, EDC and NHS, followed by
purification with an ultrafilter membrane. Figure 1B dis-
plays the UV/Vis absorption spectra of MPA-QDs-aptamer
conjugates (TBA QDs), a characteristic absorption peak lo-
cated at approximately 260 nm for the protein was observed,
indicating that the aptamer was successfully connected to
the MPA QDs.

A typical SEM image of the acceptor, that is, carbon
nanodots (CNDs), is shown in Figure 1C. It is clear that the
CNDs are uniform in size, with a diameter of about 50 nm.
Figure 1 D shows the UV/Vis absorption spectrum of the as-
prepared CNDs, which consists of a peak (ca. 280 nm) and a
strong background that extends to 700 nm. It is generally ac-
cepted that the peak and the background extinction are
known to occur for CNDs although the exact assignment of
the peak is still unclear.'”f The broad absorption band
spanning a wide range of wavelengths makes CNDs possible
energy acceptors for a variety of donors.

PET between TBA QDs and CNDs: Figure S1 (see the Sup-
porting Information) shows the absorption spectrum of
CNDs and the phosphorescence emission spectrum of TBA
QDs, respectively. It can be seen that the emission spectrum
of TBA QDs overlap with the absorption spectrum of CNDs
to an extent, suggesting that PET between them can take
place. According to the PET process, in this system TBA
QDs act as donors, while CNDs act as acceptors (quench-
ers).”!

To further confirm the PET, we investigated the emission
spectra of TBA QDs in the presence of different concentra-
tions of CNDs. As shown in Figure 2A, the phosphores-
cence intensities of TBA QDs at a fixed concentration of
0.03 mgmL ! decreased gradually with increasing concentra-
tion of CNDs ranging from 0.0 to 0.045 mgmL™', and the
maximum quenching was observed at 0.045 mgmL ™" CNDs.
This result indicates that when CNDs were introduced into
TBA QDs solution, the energy was transferred from TBA
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Figure 1. A) Typical TEM image of the MPA-capped Mn-doped ZnS
QDs (MPA QDs). B) UV/Vis absorption spectrum of 0.03 mgmL~' MPA
QDs labeled with aptamer. C) Typical SEM image of carbon nanoparti-
cles. D) UV/Vis absorption spectrum of the as-prepared carbon nanodots
with a concentration of 0.045 mgmL .

QDs to CNDs, resulting in quenching of the phosphores-
cence of TBA QDs. The quenching efficiency was calculated
by (1-P/P,), in which P, and P represent the phosphores-
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Figure 2. A) Phosphorescence quenching of TBA QDs with varying
amounts of CNDs. TBA QDs: 0.03 mgmL'; CNDs from top to bottom:
0, 0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04, 0.045 mgmL™". B) Plot
of phosphorescence intensity of TBA QDs versus CNDs concentration
based on an empirical equation. The data are obtained from A). C) Phos-
phorescence spectra of MPA QDs in the absence (curve a, solid line) and
presence (curve b, dashed line) of 0.045 mgmL ™' CNDs. D) Time de-
pendence of phosphorescence quenching of 0.03 mgmL™' TBA QDs by
0.045 mgmL ' CNDs. All experiments were performed in Tris/HCI buffer
(0.01 ™, 0.15m NaCl, pH 7.4) under excitation at 316 nm.
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cence intensity of TBA QDs in the absence and presence of
CNDs, respectively, and a maximum quenching efficiency of
up to 95.9% was obtained when 0.045 mgmL~' CNDs was
introduced. Such a quenching efficiency reveals the super-
quenching ability of CNDs. This large quenching efficiency
largely turns off the phosphorescence of TBA QDs and pro-
vides an optimal off-state for a sensitive turn-on quantitative
assay.

The phosphorescence quenching is usually divided into
static quenching and dynamic quenching. The dynamic
quenching can be described by Stern-Volmer’s equation
[Eq. (1)], whereas the static quenching can be described by
the Lineweaver—Burk equation [Eq. (2)] as follows:>14

Py/P = 1+Kg x ¢ (1)
1/(Py—=P) =1/Py+Kyz/(Py ¢,) (2)

in which P; and P represent the relative phosphorescence
intensity of TBA QDs in the absence and presence of
CNDs, respectively, and ¢, is the concentration of the
quencher (CNDs). K,y is the dynamic quenching constant,
and Ky is the static quenching constant. The plot of the re-
lationships between 1/(P,—P) and 1/c,, and Py/P and c, are
shown in Figure S2A and Figure S2B, respectively (see the
Supporting Information). Interestingly, at low concentration
of the quencher, the phosphorescence quenching of TBA
QDs by CNDs not only follow Stern—Volmer’s equation but
also the Lineweaver-Burk equation, whereas at high con-
centration of quencher, the phosphorescence quenching
only follows the Lineweaver-Burk equation. These results
may indicate that both the dynamic and static quenching
seem to act together, suggesting a more complex quenching
model. Based on previous reports,?!! an empirical equation
could be fitted. As shown in Figure 2B, a linear relationship
between In(Py/P—1) and c, and the equation can be fitted as

[Eq. 3]

In(P,/P—1) = 104.13 ¢,—2.49 (R = 0.9974) 3)

Previous studies have illustrated that the m—m stacking in-
teraction could take place between single-stranded DNA
and m electron-rich carbon material such as graphene and
carbon nanodots.”"* In the present system, the formation
of a nonphosphorescence ground-state complex between the
TBA QDs and CNDs can be ascribed to m—m stacking be-
tween the aptamer and CNDs.

A control experiment was also performed to investigate
nonspecific phosphorescence quenching of MPA QDs (no
aptamer labeled). As shown in Figure 2C, with an identical
incubation procedure, the phosphorescence did not show a
clear change when 0.045 mgmL™' CNDs was introduced.
This observation indicates that the nonspecific interaction
between MPA QDs and CNDs can be neglected, and that
the phosphorescence quenching of TBA QDs can mainly be
attributed to aptamer-bridged PET from the donor to ac-
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ceptor, as a result of the m—m stacking between the aptamer
and CNDs.

Figure 2D shows the time dependence of phosphores-
cence quenching of TBA QDs by 0.045 mgmL ™' CNDs. The
phosphorescence quenching of TBA QDs was achieved
within approximately 20 min incubation, and a plateau was
observed after further reaction time. To ensure complete
quenching and obtain a stable signal, an incubation of
30 min was adopted in this step.

Phosphorescence turn-on detection of thrombin based on
PET: The effect of thrombin on the PET system of TBA-
QDs-CNDs has been investigated. Figure 3 A depicts the
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Figure 3. A) Phosphorescence spectra of 0.03 mgmL~' TBA QDs (a),
a+20 nu thrombin (b), a+0.045 mgmL ™' CNDs (c), and c¢+20 nm throm-
bin (d). B) Phosphorescence recovery of TBA-QDs-CNDs system by
5 nm thrombin as a function of incubation time. TBA QDs: 0.03 mgmL™;
CNDs: 0.045 mgmL™".

emission spectra of TBA QDs, TBA-QDs-thrombin, TBA-
QDs-CNDs, and TBA-QDs-CNDs-thrombin under the same
experimental conditions. As shown in this figure, TBA QDs
exhibits a strong phosphorescence signal at approximately
581 nm (curve a), and its phosphorescence intensity and
peak location do not change significantly when 20 nm throm-
bin was added to the solution (curve b). When CNDs was
added into the TBA QDs solution, the phosphorescence in-
tensity of TBA QDs decreased due to the FET process be-
tween TBA QDs and CNDs (curve ¢). Upon addition of
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20 nm thrombin into the TBA-QDs-CNDs solution, the
phosphorescence of the TBA-QDs-CNDs system was re-
stored (curve d). These results suggest that with the addition
of free thrombin to the TBA-QDs-CNDs PET system, the
aptamer was induced to from quadruplex-thrombin structure
due to the binding of thrombin to TBA QDs through an ap-
tamer-target affinity interaction, which dramatically weak-
ened the m—m interaction between aptamers and CNDs.
Therefore, the energy acceptors, CNDs were separated away
from the donors, resulting in the restoration of the phos-
phorescence of energy donors, TBA QDs. Based on the re-
stored phosphorescence, a phosphorescent turn-on method
for the determination of thrombin was proposed.

The effect of incubation time on phosphorescence recov-
ery of the TBA-QDs-CNDs PET system was also investigat-
ed by collecting time-independent phosphorescence emis-
sion spectra. As shown in Figure 3B, after addition of 5 nm
thrombin to the TBA-QDs-CNDs system, the phosphores-
cence signal increases quickly and phosphorescence was re-
stored to the maximal extent within approximately 40 min
and thereafter remained quite stable. Therefore, reaction
times of 40 min for phosphorescence recovery were used.

Under the optimum experimental conditions, the analyti-
cal parameters for the determination of thrombin were eval-
uated in pure buffer. Figure 4 A displays the phosphores-
cence recovery of the TBA-QDs-CNDs PRET system in the
presence of varying concentrations of thrombin. As shown
in this figure, with increasing concentration of thrombin, the
phosphorescence intensity of TBA-QDs-CNDs PET system
increased gradually. The plot of the phosphorescence en-
hanced efficiency, defined as (P—P,)/P, (P and P, represent
the phosphorescence intensity in the presence of different
concentrations of thrombin and absence of thrombin, re-
spectively), against the concentration of added thrombin is
also shown in Figure 4 B. It is clear that the phosphorescence
enhanced efficiency exhibits a linear response to the throm-
bin concentration in the range from 0 to 40 nm, with a corre-
lation coefficient of 0.9958, and the calibration curve can be
expressed as (P—P,)/P,=0.835640.5639¢ (¢ in nwm). The
limit of detection (30) for thrombin is 0.013 nM, in which o
represents the standard deviation of eight blank measure-
ments.) These analytical parameters are better or favorably
comparable to those reported in literature, as shown in
Table S1 (see the Supporting Information). The performance
of these analytical techniques, including the low detection
limit, can be attributed to a combination of the advantages
of the phosphorescence method and the specific interaction
of the aptamer-protein. The repeatability of the proposed
methods was also evaluated by measurements of 5nm
thrombin, and the relative standard deviation for seven re-
peated measurements was found to be 4.37%, indicating
that the response of the TBA-QDs-CNDs PET system to
thrombin is highly reproducible.

Cross-reactivity of the PET-based aptamer sensor for throm-
bin: To evaluate the specificity of the PET-based aptasensor
for thrombin, the influence of potentially interfering sub-
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Figure 4. A) Phosphorescence recovery of aptamer sensor with various
concentrations of thrombin. From bottom to top: 0, 0.05, 0.1, 1.0, 2.5, 5.0,
7.5, 10.0, 12.5, 15.0, 17.5, 20.0, 30.0, 40.0, 50.0, 80.0 nm. Inset shows the
enlarged curve in the low thrombin concentration range. B) Plot of the
phosphorescence recovery as a function of concentration of thrombin.
Each data point represents the average value of three independent ex-
periments with error bars indicated. All experiments were performed in
Tris/HCl buffer (0.01m, 0.15m NaCl, pH7.4) in the presence of
0.03 mgmL~' TBA QDs and 0.045 mgmL ' CNDs.

stances including proteins and common ions were investigat-
ed under the same experimental conditions. We investigated
the phosphorescence intensity of the TBA-QDs-CNDs PET
system to thrombin in the presence of different interfering
substances. As shown in Figure 5, the relative phosphores-
cence intensity P/P, (in which P, and P is the phosphores-
cence intensity of the aptasensor without and with interfer-
ing species and thrombin, respectively) of the biosensor in
the presence of 5 nm thrombin is 4.54, which is much higher
than that of other interfering species at a concentration as
high as 1.0 pm. These results indicate that the phosphores-
cence of the aptasensor changed less for the interfering spe-
cies, whereas a significant phosphorescence increase was ob-
served for thrombin. The good selectivity of the PET apta-
sensor is attributed to the high specificity of the aptamer.
Therefore, the PET aptasensor possesses a good selective
phosphorescence response toward thrombin, and also indi-
cated that a turn-on phosphorescent method for the deter-
mination of thrombin could be developed with the present
system.
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Figure 5. Selectivity of the aptasensor for thrombin detection by compari-
son with common potentially interfering species. The concentration of all
interfering species was 1.0 um and thrombin concentration was 5 nM. Rel-
ative phosphorescence intensity (P/P,) was calculated by P/P, in which
P, and P are the phosphorescence intensity without and with interfering
species and thrombin, respectively. Experiments were performed in Tris/
HCI buffer (0.01m, 0.15m NaCl, pH 7.4) under excitation at 361 nm, in
the presence of 0.03 mgmL~' TBA QDs and 0.045 mgmL~" CNDs.

Thrombin analysis in biological fluids with the aptamer
sensor: To verify the practical applications of the proposed
PET-based phosphorescent aptasensor, the ability of the
aptasensor to detect thrombin in complex biological fluids
including human serum and plasma was evaluated.

Human serum: Serum is what remains from whole blood
after coagulation. Because no coagulation factors are con-
tained in healthy human serum sample, no thrombin exists
in the serum sample. In this study, serum samples were ob-
tained from healthy persons. Prior to use, serum was diluted
tenfold with Tris/HCl buffer and tested either alone or
spiked with standard solutions of thrombin. Figure 6 A dis-
plays the phosphorescence recovery of aptasensor with vari-
ous concentrations of thrombin in human serum. It is clear
that addition of thrombin to the serum sample also resulted
in a concentration-dependent signal. As shown in Figure 6B,
a linear range for thrombin was also obtained in the range
from 0 to 40 nm, with a correlation coefficient of 0.9991, and
the linear curve can be described as (P—P,)/Py=
—0.069544-0.1169c¢ (¢ in nm). Compared with the response of
the aptasensor in pure buffer, a lower sensitivity for throm-
bin detection (i.e., the slope of linear regression equation)
was observed in serum sample. This decrease can probably
be ascribed to the reduced concentration of thrombin avail-
able for the binding caused by interactions with some matrix
components in serum. The limit of detection (30) for throm-
bin was also measured and found to be 0.048 nm. The re-
peatability of the aptasensor analytical system in serum was
also evaluated by measurements of 5 nm thrombin, and the
relative standard deviation for seven repeated measure-
ments was found to be 6.1 %, suggesting that the response

Chem. Eur. J. 0000, 00, 0-0
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Figure 6. A) Phosphorescence recovery of aptamer sensor with various
concentrations of thrombin. From bottom to top: 0, 5.0, 10.0, 15.0, 20.0,
25.0, 30.0, 35.0, 40.0, 50.0, 80.0 nm. B) Plot of phosphorescence recovery
as a function of concentration of thrombin. Each data point represents
the average value of three independent experiments with error bars indi-
cated. All experiments were performed in serum in the presence of
0.03 mgmL ' TBA QDs and 0.045 mgmL ' CNDs.

of the aptasensor to thrombin in serum is also reproducible.
Different concentrations of thrombin were spiked into ten-
fold-diluted serum samples to examine the applicability of
the aptasensor in real serum samples. The serum samples
were spiked with 5.0, 10.0, and 20.0 nm thrombin and then
measured. The recoveries were obtained by comparing the
measured amounts to that of added human thrombin; the
results are summarized in Table 1. The recoveries varied
from 97.8 to 104.1 %, suggesting that the PET-based phos-

Table 1. Recovery of thrombin assay at different concentrations spiked
into human serum and plasma samples.!!

Sample!”! Measured Spiked Found Recovery
[nm] [nM™] [nM£SD] [%]
1 e 5.0 4.89-£0.02 97.8+£0.4
2 e 10.0 10.41+0.03 104.1+0.3
3 e 20.0 20.33+£0.05 101.7+0.3
4 3.7 10 13.58+0.01 96.8+£0.3
5 1.9 10 11.87+0.04 98.4+0.2
6 2.3 10 12.40+0.02 104.34+0.1
[a] All human serum and plasma samples were diluted tenfold prior to

assay. Measurements on each sample were repeated five times. [b] Sam-
ples 1-3 were serum samples from healthy people and samples 4-6 were
plasma samples. [c] Not detectable.
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phorescent aptasensor may be competent for monitoring
thrombin in real samples.

Human plasma: Generally, plasma is composed of 90 %
water and 10% solutes including prothrombin, fibrin and
fibrinogen, coagulation cofactors, and organic compounds of
low molecular weight.’®! Thrombin is absent in plasma of
healthy subjects when coagulation is not occurring. In this
study, thrombin was generated in situ from prothrombin, the
precursor of thrombin, by activated factor Xa through a pro-
teolytic process. To avoid clotting, which will deplete throm-
bin, fibrinogen in plasma was first precipitated quantitative-
ly by the addition of ammonium sulfate.”* The generation
of thrombin in plasma was time-dependent (data not
shown). After generation in situ, the plasma samples con-
taining thrombin were obtained and diluted tenfold with
Tris/HCI buffer for further use. The samples were incubated
with the proposed aptasensor, then the assay was carried
out with similar analytical procedures to those used with
serum. Three independent plasma samples were tested and
the results are shown in Table 1. Using the calibration curve
obtained in the human serum matrix, the concentrations of
thrombin in three plasma samples were obtained; the values
found were consistent with the previous reported levels.”!
Standard addition experiments were further carried out with
these plasma samples to validate the determination. The re-
coveries ranged from 96.8 to 104.3 %, which are acceptable
for quantitative assays performed with biological samples.

Conclusion

We have developed a novel phosphorescence energy trans-
fer system using Mn-doped ZnS QDs as donors and carbon
nanodots as acceptors, and also demonstrated its application
in biosensing for thrombin with a limit of detection of
0.013 nm in solution when using the classic thrombin apta-
mers as a signal transduction method. The developed PET-
based thrombin biosensor has demonstrated favorable ana-
lytical performance with complex biological fluids, including
serum and plasma, mainly because the interference from au-
tofluorescence and scattering light in complex matrixes can
be easily avoided. Such a phosphorescence energy transfer
system may pave the way for new designs of chemo/biosens-
ing systems. However, further investigations including de-
tailed mechanisms of phosphorescence energy transfer and
the effect of the sizes of Mn-ZnS QDs and carbon nanodots
on the energy transfer, are required; these studies are under-
way in our laboratory.

Experimental Section

Reagents and instrumentation: All chemicals were of analytical grade or
better and were used as received without further purification. Thrombin,
1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide hydrochloride
(EDC-HCI), 3-mercaptopropionic acid (MPA), sodium dodecyl benzene
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sulfonate (SDBS), ZnSO,7H,0, Na,S-9H,0, MnCl,-4H,0, and N-hy-
droxysuccinimide (NHS) were purchased from Sigma-Aldrich. Amine-
modified thrombin aptamer (5-NH,-GGTTGGTGTGGTTGG-3") was
obtained from Sangon Biotechnology Co., Ltd. (Shanghai, China). All
aqueous solutions were prepared by using ultrapure water (Mill-Q, Milli-
pore, 18.2 MQ resistivity).

Phosphorescence spectra were recorded with an LS-55 fluorescence spec-
trophotometer (PerkinElmer company, USA) equipped with a quartz cell
(1cmx1cm) operating in the phosphorescence mode. Morphological
measurements of Mn-ZnS QDs and carbon nanodots were performed
with S-4800 field emission scanning electron microscopy (SEM) (Hitachi,
Japan) or Hitachi H-600 transmission electron microscopy (TEM)
(Tokyo, Japan). A pHS-3C pH meter was used for pH measurements
(Shanghai, China). UV/Vis absorption spectra were measured with a UV-
3010 spectrophotometer (Hitachi, Japan).

Synthesis of MPA QDs and CNDs, and bioconjugation of MPA QDs
with thrombin-binding aptamer (TBA QDs): To label Mn-Doped ZnS
QDs with thrombin-binding aptamer, MPA capped Mn-doped ZnS QDs
was synthesized in aqueous solution,'*? and the conjugation of Mn-
ZnS QDs with thrombin aptamer (TBA QDs) was achieved through the
use of conventional protocols involving the coupling reaction between
EDC and NHS."” Carbon nanodots (CNDs) were prepared from candle
soot as original material.' Further details for the preparation of the
above materials are available in the Supporting Information.

Thrombin detection in buffer solution and biological fluids: In a typical
PET assay in Tris/HCI buffer, CNDs (0.045 mgmL ') was added to TBA
QDs (0.03 mgmL™") in Tris/HCI buffer (10 mm, pH 7.4, 150 mm NaCl)
and the mixture was incubated at RT for 30 min. Thereafter, various con-
centrations of thrombin were added to the TBA-QDs-CNDs mixed solu-
tion, and the mixture was incubated for another 40 min at RT. The reac-
tion mixture was then subject to phosphorescence measurement with an
excitation of 316 nm, and the emission intensity at 581 nm was recorded
for quantitative analysis. To examine the specificity of the PET sensor,
other biomolecules and ions were added into the TBA-QDs-CNDs
system in place of thrombin under the same experimental conditions.

For the detection of thrombin in biological fluids, human serum and
plasma samples were used that were newly obtained from healthy sub-
jects (provided by Yijishan Hospital, Wuhu). The serum matrix was dilut-
ed tenfold with Tris/HCl buffer, which was then used as the assay
medium. Human plasma samples were collected in citrate anticoagulation
tubes. Fibrinogen was removed through precipitation and thrombin was
generated in situ from prothrombin, the precursor of thrombin, by acti-
vated factor Xa through a proteolytic process according to the reported
method;® further details are given in the Supporting Information. Sub-
sequent incubation and phosphorescence measurement procedures were
conducted as described for samples in buffer solution.
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